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FOREWORD

This report is one volume of a two-volume set of interim reports documenting a
comprehensive evaluation of jointed concrete pavement design and analysis
models. The capabilities and Timitations and a sensitivity analysis of the
various design and analysis models are given. New prediction models were
developed for Present Serviceability Rating, longitudinal cracking, transverse
Joint faulting, transverse cracking (jointed plain concrete pavement only) and
transverse joint spalling.

Volumes I, IV and V document the performance of 95 experimental or other in-
service pavements in United States or Canada. These volumes have been
previously distributed. Volume III (Summary of Research Findings) and the
Technical Summary will be given widespread distribution in the near future.
These reports will be of interest to those involved in the design,
construction and maintenance of jointed concrete pavements.

Sufficient copies of this report are being distributed by FHWA memorandum to
provide one copy to each FHWA Region and Division and two copies to each State
highway agency. Direct distribution is being made to the Division offices.
Additional copies for the public are available from the National Technical
Information Service (NTIS), U. S. Department of Commerce, 5285 Port Royal
Road, Springfield, Virginia 22161. A small charge will be imposed for each

copy ordered from NTIS.
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Thomas J. Pagko, Jr., P.E.
Director, Office of Engineering and
Highway Operations Research and Development

NOTICE

This document is disseminated under the sponsorship of the Department of
Transportation in the interest of information exchange. The United States
Government assumes no liability for its contents or use thereof. The contents
of this report reflect the views of the contractor, who is responsible for the
accuracy of the data presented herein. The contents do not necessarily
reflect the official policy of the Department of Transportation. This report
does not constitute a standard, specification, or regulation.

The United States Government does not endorse products or manufacturers.
Trade or manufacturers’ names appear herein only because they are considered
essential to the object of this document.



TECHNICAL REPORT STANDARD TITLE PAGE

1. Report No. 2. Government Accession No. 3. Recipient’s Catalog No.

FHWA-RD-89-137

4, Title and Subtitie _ 5. Rgpor? Date

PERFORMANCE OF JOINTED CONCRETE PAVEMENTS July 1990

Volume II - Evaluation and Modification of Concrete 8. Performing Organization Code
Pavement Design and Analysis Models

7. Author(s) 8. Performing Organization Report No,

K. D. Smith, A. L. Mueller, M. I. Darter, D. G. Peshkin

9. Performing Orgonization Name and Address 10. Work Unit No.

3C1A2012

1. Contrget or Grant No.

ERES Consultants, Inc.
1401 Regency Drive East

Savoy, Illinois 61874 DTFH61-86-C-00079

13. Type of Report ond Period Covered
12. Sponsoring Agency Name and Addrese Interim Report
Office of Engrg. and Highway Operations R & D Oct. 1986 - Feb. 1990
Federal Highway Administration
6300 Georgetown Pike 14. Sponsoring Agency Code

McLean, VA 22101-2296
15. Supplementary Notes

FHWA Contract Manager (COTR):
Roger M. Larson, HNR-20

Gratitude is expressed to Mr. Ricardo Salsilli
and Mr. Ying-Haur Lee for their wvaluable
assistance in Chapter 5,

16. Abstract

A major national field and analytical study has been conducted into the effect of various design features on the performance of
jointed concrete pavements. Extensive design, construction, traffic, and performance data were obtained from ninety-five
experimental and other concrete pavement sections throughout the country. Field data collected and analyzed included distress,
drainage, roughness, present serviceability rating (PSR), deflections, destructive testing (coring and boring), and weigh-in-motion
(WIM) on selected sites. This information was compiled into a comprehensive microcomputer database. Projects were evaluated
on an individual basis and then compared at a national level to identify performance trends. The performance data was used
to evaluate and modify several concrete pavement design procedures and analysis models.

This volume investigates the accuracy of several concrete pavement performance models and shows the usefulness of several
concrete design and analysis procedures. Performance models evaluated include AASHTO, PREDICT, PEARDARPand PFAULT;
design and analysis models evaluated include PMARP, JSLAB, ILLISLAB, CMS, Liu-Lytton, JCP, JCS, and BERM. Based upon
the data collected from this and other studies, new prediction models were developed for selected performance indicators.

This volume is the second in a series. The other volumes are:

FHWA No. Vol. No. Short Title

FHWA-RD-89-136 I Evaluation of Concrete Pavement Performance and Design Features
FHWA-RD-89-138 I Summary of Research Findings

FEIWA-RD-89-139 v Appendix A Project Summary Reports & Summary Tables

FHWA-RD-89-140 Vv Appendix B Data Collection & Analysis Procedures

FHWA-RD-89-141 VI Appendix C Synthesis of Concrete Pavement Design Methods and Analysis Models

Appendix D Summary of Analysis Data for the Evaluation of Predictive Models

i7. Key Words C 18. Distribution Statement

Concrete, concrete pavement, pavement per-| No restrictions. This document is availablg

formance, pavement evaluation, pavement to the public through the National Technical

design models, pavement analysis models, Information Service, Springfield, Virginia

pavement performance models 22161.

19. Security Classif. (of this repert) | 20. Security Classif. (of this page) 21. No. of Pages | 22, Price
Unclassified Unclassified 301

Form DOT F 1700.7 (s-69) Reproduction of form and completed page authorized.



(6864 |udy pesiney) Juswainsea jo weysAg |euoneusop) o..._. loj joquifs ey} 81 |S ,

e .
cv_ (174 @
bty _ iy einjesedwey einjesodwe)
oot 986 ® oqwn 0 snpjeY 6/(ze-d)g yeyueiye

einjesedwe) einjesedwe) C.omxwv JHNLVYHIdWNAL
yeyuesyey 2 +08'L snivjen

(10exa) 34NLVYHIdNIL sweiBebow £06'0 (a1 0002) Suo) Wous

swesBopy S0 spunod
sweiB SE'82 s6ouno

(%t 0002) suoy woys 2oty swesBebow
spunod §02'2 sweiBojy SSVN
seouno SE0'0 sweib

SSYN W U} UMOYs q |eys ] 0001 uey Jejeeib sewnjop 3LON
poqgno sesjew S9L°0 spaek oqnd PA
spsek oigno 80€' L peqno sexnew peqgno sesew 820'0 109} o1gnd oM
100} 2igno SIESE pegno seJjew seny| S8L€ suojjeB 1e6
suojieb v92'0 seny seal|Iw 1562 seouno piny 20 )
seouno piny $€0'0 senw
FNNTOA

JNNTOA

pesenbs sesjewofy 652 se|ju esenbs

sejjw esenbs 9gc'g  Pesenbs senpwopy sesepPoy Sov'0- sene
sene we sesepPey pesenbs sensw 9€8°0 spiek esenbs

109} eienbs ¥9L'04 pesenbs sesjouw peJenbs senew €600 190§ esenbs
seyoul esenbs 9100'0  Pesenbs sesewnw peisenbs seseuwjiu 259 seyou| esenbs

vady v3adv

129°0 | senewopy sospwoyy 19°1
60'} sesew senew ¥16°0
82¢€ sesew senew SOE'0
6€0°0 sesown|jiu sesounjjw ¥'se

HLON3T HLON3

loqwAs  puij oy Ag Aidpinlg ~ mouy nop uaym  joquifs foqwAs  puijol Ag Aidiiny~ mou) nop ueym  joquikg

SLINN IS WOH4 SNOISHIANOD ALVIIXOHddV SLINN IS OL SNOISHIANOD ALVHIXOHddV

SHOLOV4 NOISHIANOD (DIHLIW NHIAOW) IS




TABLE OF CONTENTS

VYOLUME1 EVALUATION OF CONCRETE PAVEMENT PERFORMANCE
AND DESIGN FEATURES

S

00 00 Q0 00 00 0O O N OV O\ O\ O© [ > W N - ek Lx

Chapter
1 INTRODUCTION ...ttt ittt ettt ettt e e i,

I 0): 1 1:{os v A s -
2. BACKGROUND AND RESEARCH APPROACH ..........coovuuenenn..
3. SEQUENCE OF REPORT . ........cviuomeeaneneeee e

2 DESCRIPTION OF PROJECTS INSTUDY . .......ivniiirninininenennnnnn.

1. INTRODUCTION ... ittt iiittitt it ientetseseeannnaneennenn

2. DESCRIPTION OF EXPERIMENTAL AND
SINGLE PAVEMENT SECTIONS . .... ottt it e et eeeeeianann,
Dry-Freeze Environmental Region ............. ... ... ... ...o0uun...
Minnesota 1 . ...ttt e e e e e e
MINNeSOta 2 . ..ottt e e e e e e e
MINNesota 3 ... oottt i e e et e e e,
MINNeSOta 4 ... .ottt et e e,
A% B0 4 (=t o ) r- N«
Dry-Nonfreeze Environmental Region ...................... ... .....
.\ ¢ o) 1 - 1 A
.\ o /o) 1 - -
@117 {0) y 11T 1 |
Califormia 2 . .o vttt it e e e e e e e
LOF-) 1T o) ¢ 11t Y - XV 11
L0111 70) y 11 - 14 11
Califormia 8 . .. i ittt e e e e e 11
Wet-Freeze Environmental Region ...................... ... ... ..., 11

Michigan 1 . ...t it i et e et et 11
Michigan 3 . ... i i i e e e e e e e 13
Michigan 4 ... ..t i i i i it e ettt 13

Michigan 5 ... oiiii i i e e e e et 13
New York 1 ..ot e ettt et 13

New York 2 .. it it ittt e e e e e 13
[0 11 1o 20 P 15
10 1) o A 15
L 4L Ty (o 2 | 15
(0,11 ¢:1 5 [« 1A 15

Pennsylvanial ........................... @ ettt e e e, 15
New Jersey 2 ..ot i e e e 18
New Jersey 3 ..ot i i e e 18

Wet-Nonfreeze Environmental Region ............ ... .. ... ... ........ 18
California 3 .......ooiiii i i e e et 18

Florida 2 ......... i e e e e 21
Florida 3 ... .. i e e i e 21
3. GENERAL DATA COLLECTIONEFFORTS . .........coviinirnnnnnnnnn. 21

iii



TABLE OF CONTENTS (continued)

VOLUME 1 EVALUATION OF CONCRETE PAVEMENT PERFORMANCE
AND DESIGN FEATURES (continued)

Chapter Page

3 PERFORMANCE EVALUATION OFPROJECTS ........ it iiiiiiiiinnnnnn 25
1. INTRODUCTION ..ttt ittt ettt eeteeeteaeeeaaeasananeanans 25
2. DRY-FREEZE ENVIRONMENTAL REGION ..........ciiiiienevnenenn 25
MINNESOtA 1 . ot ittt ittt it ittt eeneeenaooasonesososeansnnaas 27
ODSEIVALIONS . - o v oot vttt te ettt neeeseeneeseeoseeneennsaenunennans 27
CONCIUSIONS .+ oo i i ittt ttettee st etsetneenneeeseeenaesoosooannsns 27
MINNESOA 2 oottt ittt ittt teetneesnessseneaneesassoannsnanas 31
ObSEIVALIONS .« « v ot vttt ettt veennenoeeoneonseneeenesnoesoenasnanss 31
CONCIUSIONS . . it ittt ittt ieeeetaeseeneseaseeonesasaeosansoeans 34
MINNESOtA 3 &t ittt it ittt eeieeseeasaeesoenanenonnassosssanans 35
MINNESOtA 4 ...ttt t ittt et tteietseneseeosnsoasneseosssosnsannne 35
MINNESOtA 6 . .. vttt ittt et iiesetnnoeoneaeoacssoossononssoanononns 37

3. DRY-NONFREEZE ENVIRONMENTALREGION .........coieveevrenn. 37
Ny 775 ) o V- N 37
ObSEIVAtIONS . o v vttt vvv et tneeeeeonseennneesennanasnnseasoasessosas 40
CONCIUSIONS vt v ittt i i eeeeeeaneaasoneeoaseasossessasssoans 40

N ¢ .4 o V- N 41
California 1 ... ..ot ittt ittt ittt nneneeaneesososnssnasoaans 41
ObSEIVAtIONS + . o v vttt et et teeeeronneeeoneasoaaaaoaaeesssassssssas 44
CONCIUSIONS .« .ottt it ittt inneeeeenneaeoeeceaanonesssnanssnas 44

@Y 10" o (1 Y020 OO 45
ObSEIVAtIONS « . o o oottt et estseteoenneseesnsesossaassanssnssnnsonses 45
CONCIUSIONS . . vttt it ittt ittt ieeenneneeaaesseaasasansecasans 48
California 6 . .. v ittt i ittt it et e et e e 48

Q7Y 1170 0 11 Y72 I 50
ODSEIVAIONS .« o v v v vttt ttteeesoeeeeeseeeeonssenenoeaeasnassasesns 50
CONCIUSIONS + vt v it ittt ittt it esaeenoaanaaeanaaesossasonnos 50
Califormia 8 . .. . ittt it i e e e e e et e e 51

4. WET-FREEZE ENVIRONMENTAL REGION ..........c0itiiiienonnnns 51
Michigan 1 ... ... it e e 51
ODSeIVALIONS & & o v ittt st eteeeenseeeeeasesneonsooooasnassssconss 54
CONCIUSIONS + v vt ittt ittt teeeeeeseeenanscaaaaonaneacsnacsasaas 55
Michigan 3 . ... ... i i it it et e s 56
Michigan 4 ........ .. it i i i i i e i 56
ODSEIVALIONS . v v vttt tetsvreeeeeeenoneenaeesssensanosonsoanens 56
CONCIUSIONS . oo v it vt ittt ittt neeeeeneeeoessoesassassassansons 60
Michigan 5 . ... i i ettt 61

[ 5T 7 L o) ¢ 61
CONCIUSIONS + oo vttt itteettoneeeseeeooaecnaennaeeassssssssonesas 61
New YOrK 1 .ottt ittt ittt tetetetennseeesssossssnansans 63
ObSEIVAtIONS « v v v vttt it ettt eeersesotnsseenenonteassaaeoneaanassoas 63
CONCIUSIONS . . o ittt it ittt it it tieeeeneaneoesoasansssonanssan 63
NeW YOTK 2 ittt ittt ittt i ittt iaaeraasenaesoeassossnsassnns 65
ObSeIVAtIONS « . o v vttt ittt ttei i it i enaseeneronnaaaaanonssonassons 65
CONCIUSIONS .« . vttt ittt i it ittt s eesneasenaeenooasssssasoananaans 68
(@) 1% 7o Y5 AU PG U GO OO 69

iv



TABLE OF CONTENTS (continued)

VOLUME 1 EVALUATION OF CONCRETE PAVEMENT PERFORMANCE

Chapter

4

AND DESIGN FEATURES (continued)

(@ 07T 712 o) 1 - 1N
L0 4 ol 14 1<) Lo} 3 Y-

Ohio 2

Conclusions

Ontario 1

Conclusions

Ontario 2

Conclusions

.....................................................

....................................................

.....................................................

....................................................

.....................................................

....................................................

Pennsylvania 1 . .......... ... i ittt
ObSEIVAtIONS « o v v vttt ettt et et neeensoseensosseoseesesneosnenns

Conclusions

....................................................

New Jersey 2 ...ttt i i i it et i i
ObServations . .. . ..ottt i e e e e e e e

Conclusions

....................................................

New Jersey 3 ... i i e e
ODSEIVAIONS « v v vttt ittt ettt it ettt ettt tee sttt

Conclusions

....................................................

5. WET-NONFREEZE ENVIRONMENTALREGION ..........cocviuiinnen.

‘California 3

.....................................................

(@ 0T w2- Y3 (o) o 1= Y

Conclusions

....................................................

North Carolina 1. ... ittt ittt ittt tt et rerseenennnns
(01T 7 1 o) ¢ 1= DU

Conclusions

....................................................

INOrth Carolina 2 . .o oo i ittt ittt ittt ettt ettt sttt e aer e tnnaeenn
ODSEIVAtIONS &« v v v v vttt e ittt ettt ettt e e e e e e e

Conclusions
Florida 2
Florida 3

....................................................

.....................................................

.....................................................

(@) T 2= [6) o - N e

Conclusions

EFFECT OF DES

....................................................

IGN FEATURES ON PAVEMENT PERFORMANCE . ..........

1. INTRODUCTION ... ittt ittt it ittt eeeennennenns
2. SLABTHICKNESS ......c0itniniiiiiitinneeniataeeneaenenennnn

Minnesota 1
Arizona 1
California 1
Ohio 2
Ontario 1

and MINNesota 2 . ...... ittt ittt ittt e

.....................................................
.....................................................
.....................................................

.....................................................

North Carolina 2 . ..o v v ittt it ittt e ittt et st eeseenennens

Summary of
3. BASE TYPE

the Effects of Slab Thickness ... .....cciiiiir ..

....................................................

69
72
72
73
75
75
78
79
79
80
80
80
80

85
85
85

88
89
89
89
89
92
92
93
96
96
97
97
97
97
99
101

102

102
102
102
102
104
104
104
104
104
106



TABLE OF CONTENTS (continued)

VOLUME I_EVALUATION OF CONCRETE PAVEMENT PERFORMANCE
AND DESIGN FEATURES (continued)

Chapter ' Page
MINNESOta 1 ..ottt it et et eenetentnenaannanasns 106
MINNESOtA 6 . v vv i iiiii ittt iiieenieienansenteaansasanacsonancns 107
AriZona 1 ... i i i i i i e 107
Califormia 1 . ... iiii ittt it e eenenanececesnnannestooeannnnnns 107
Califormia 2 . ..o oot i it it i i i i et e e 107
California 6 . .. ... oiii it i i i i i et e 109
Michigan 1 ... .. i i i i i it ettt 109
Michigan 3 ... ... i i it i i ittt 109
Michigan 5 ... ... i i i it it it e 109
New YOrk 1 ...ttt i i e i it anieaaannaaanns 11
(110 T PP 111
L0, 1Y 1o T Y P 111
Pennsylvania 1 . ...... .o uniiiiii i ittt 11
New Jersey 3 ..ttt ittt et ettt 113
NorthCarolina 1 ....... ...ttt iiiiiiiietnienanneanenens 113
NorthCarolina 2 ... ...ttt it it ieieneananaannns 113
Florida 3 ... it i i ittt ittt it aaen e 113
Summary of the Effectsof Base Type .......... oo iiiiiiiiiiaiean... 115

4, JOINT SPACING . ...ttt it inrannrneaeasaaanesananaean 117
MIinnesota 1 ... ..ottt i i i i i e 117
MINNeSota 2 ... oiit ittt ittt it et e e 121
L@ 11 oY o 117 Y 121
Michigan 1 ... ... i i ittt 121
New York 1 .. i i i i it it e eeeeiaaaens 121
New York 2 ...t i i i ettt eaneaannnens 123
L) 11 7 20 P 123
New Jersey 2 ... ii it i i i i i et ittt 123
NorthCarolina 1. ....... ittt iiiiieeneaanenns 123
Florida3 ....... i i it iiiiaeaees e 123
Summary of the Effects of Joint Spacing . .................... e 123

5. REINFORCEMENT DESIGN .........c0ttininitniinnnntnnneanannnans 133
Minnesota 1 ... .. it it it ittt i e et e 133
1) 11 1o T 135
New Jersey 2and New Jersey 3 ..........ciiiiiiiiiiiinenne, 135
Other SeCHONS . . . vt ittt ittt it i et ii e riaanaenasnasss 135
Summary of the Effects of Reinforcement ................. .. ... oo outn 135

6. JOINTORIENTATION .. ... .00ttt itiiinneneannsananononnnss 135
New YOrK 1 ..o i i e ittt i o anaeans 137
NorthCarolina 1 ... .ttt i it i it iieeeanaennn 137
Summary of the Effects of Joint Orientation .............. ... . ..o uutn 137

7. TRANSVERSE JOINT LOAD TRANSFER ..............c.coiviinan.n. 137
Doweled and Nondoweled Comparisons .............ccociiiiiieen.. 139
MInnesota 1 . ..ottt reiaeiaeennecoanennennns 139
NorthCarolina 1......cviuiniinint ittt iiiietnaeanaaecnnnns 139
Nondoweled Sections . .......... ittt 141
Other Doweled Sections . ..........cuiiiiiiiiiiiii s 141
Summary of the Effects of Load Transfer .............. ... ..cooiiinnt. 144

vi



TABLE OF CONTENTS (continued)

VOLUME1 EVALUATION OF CONCRETE PAVEMENT PERFORMANCE

Chapter

5

6

AND DESIGN FEATURES (continued)

8. DOWELBARCOATINGS ........c0ititinitiiiinrinnrnecnninncannen

Michigan 1 .
Michigan 5 .
Ohio 1 .
New York 2

New Jersey 2

....................................................

....................................................

....................................................

....................................................

...................................................

Summary of the Effects of Dowel Coatings .............................
9. LONGITUDINAL JOINTDESIGN ......... ..ottt
Summary of the Effects of Longitudinal Joint Design .....................
10. TRANSVERSE JOINT SEALANT ........iiiiiiiiienininenennnnnnnns
Direct Sealant Comparisons .............cciviiiiiiiiriennnenenennn.

Minnesota 2

....................................................

----------------------------------------------------

Nonsealed Joints in California ............ ... i,
Preformed CompressionSeals . ...........coviiiieiiiiiiinnenennnenn,
OtherSealant TYPes . .....coviiiiiiiniiiniiiiiiieniinerneeesnnnnns
Summary of the Effects of Joint Sealing ................. ... . Ll
11. TIED PCC SHOULDERS/WIDENED LANES ...........coiitvvninnnnan.

Minnesota 2

Arizonal .
Michigan 1 .
Michigan 4 .
New York 2

Ohio 2 .
Ontario1 .
California 3 .

....................................................

oooooooooooooooooooooooooooooooooooooooooooooooooooo

....................................................

....................................................

oooooooooooooooooooooooooooooooooooooooooooooooooooo

oooooooooooooooooooooooooooooooooooooooooooooooooooo

....................................................

.....................................................

WidenedLanes ......... ... .. i ittt

Summary of the Effects of Tied PCC Shoulders/

Widened Lanes . ...... ..ottt ittt
12. SUBDRAINAGE ........ ..ttt ennnnossnnecenonaees

Michigan 1 .
Michigan 5 .
Arizonal .
California 2 .
Pennsylvania
New Jersey 3

....................................................
....................................................
....................................................
....................................................

1 ..................................................

...................................................

Summary of the Effects of Subdrainage .................. ... .. L.

SUMMARY AND

CONCLUSIONS . ... ittt iiiiiieiiiinenanenas

1. SUMMARY OF THE EFFECT OF DESIGN FEATURES ..................
2. FUTURERESEARCH ...... ... ittt iiiettnrnenneannnnnnns
3. SUGGESTIONS FOR FUTURE DATA COLLECTION AND TESTING ......

BIBLIOGRAPHY

....................................................

vii

144
144
144
145
145
145
145
145
148
148
148
148
149
149
149
150
150
150
150
151
151
151
151
153
153
153
153

153
154
154
156
156
156
156
156
156

159
159
164
165

166



Chapter

1 INTRODUCTION ......ciiiiinenennnns

1. INTRODUCTION ........ccceeevnn.

2. PROJECT BACKGROUND ..........
Selectionof Models . ................

Research Approach .................

3. SEQUENCE OF REPORT ...........

2 DESCRIPTION OF PAVEMENT SECTIONS

3

TABLE OF CONTENTS (continued)

VOLUME II _EVALUATION AND MODIFICATION OF CONCRETE

- PAVEMENT DESIGN AND ANALYSIS MODELS

..............................

..............................

..............................

..............................

..............................

..............................

..............................

1, DRY-FREEZE ENVIRONMENTAL REGION ..............c0ieeinnn.
2. DRY-NONFREEZE ENVIRONMENTAL REGION .............coovvnn.
3. WET-FREEZE ENVIRONMENTAL REGION ............ oo,
4. WET-NONFREEZE ENVIRONMENTALREGION ............. ...
5. OVERALL DISTRIBUTION OF DESIGN FEATURES ...................

Base Type . ...oovviiinennennnne.
Slab Thickness ...........c.covununn
Joint Spacing/Pavement Type . ........
Load Transfer ....................
Shoulder Type/Widened Lanes .......

..............................

..............................

..............................

..............................

..............................

ANALYSIS OF THE ACCURACY OF SELECTED

PREDICTION MODELS ................

1. INTRODUCTION .................

..............................

..............................

2. DESCRIPTION OF PREDICTION MODELS ..............cooniinnnnn

AASHTO Design Model . ...........
PEARDARP Prediction Models . .......
Spalling Model .................
PSIModel .....................
Roughness Model ...............
Pumping Models . ...............
CrackingModel .................
Faulting Models ................
COPES Prediction Models . . ..........
JPCP Pumping Model ............
JRCP Pumping Model ............
_JPCP Joint Fauiting Model . ........
JRCP Joint Faulting Model ........
JPCP Joint Deterioration Model . .. ..
JRCP Joint Deterioration Model . . ...
JPCP Slab Cracking Model ........
JRCP Slab Cracking Model ........

..............................

..............................

..............................

..............................

..............................

..............................

..............................

..............................

..............................

..............................

..............................

..............................

..............................

..............................

..............................

..............................

..............................

JPCP Present Serviceability Rating (PSR) Model ......................
JRCP Present Serviceability Rating (PSR) Model ......................

PFAULT Faulting Prediction Models . ..

Doweled jointed Concrete Pavements

viii

..............................

..............................

B W N =

(5]

pd ek pead pd
NN NYVYOOYOOIRU

19

19
19
20
25
26
26
26
27
29
30
31
3
32
32
33
33

35
35

36
37
37



TABLE OF CONTENTS (continued)

VOLUME II__EVALUATION AND MODIFICATION OF CONCRETE
PAVEMENT DESIGN AND ANALYSIS MODELS (continued)

Chapter Page
Nondoweled Jointed Concrete Pavements . . .........c.cvivivnnnneean.. 37
3. STATISTICAL ANALYSIS OF PREDICTION MODELS ................. 35
4. ABILITY OF MODELS TO PREDICT THE PERFORMANCE
OF INSERVICEPAVEMENTS . .......... .ttt iitiioneneennnnnnns 41
AASHTO .ottt ittt et et eeaiaeaenncn s 43
PEARDARP . ...ttt ittt enatasiaaiennanenasneensans 46
oo .Y [ = I 46
Roughness Model ......... ...ttt 46
PumpingModel .............iion i 49
“Spalling Model . ........ .. 49
FaultingModels . ........ ... it 50
CrackingModel . .. ... ...t 51
COPES ittt ittt it et 52
Pumping Models . .. ....oiiii it e 52
FaultingModels . ........ ... oottt 56
Joint Deterioration Models .............. .. ... ... ST 57
Cracking Models . ... .ooviiniiii it 59
Present Serviceability Rating (PSR) Models ................. .. .oven 61
PFAULT FaultingModels . ...... ... ..o, 62
5. SUMMARY . ...ituitiitnininnatiniennenatesnsoaensenceacasasenns 65
4 CASESTUDIES .. ...ttt ittt ieenaienaaeaeaenencacnsnenens 67
1. INTRODUCTION ...ttt ittt ieetieaeaeeaenaennnnans 67
Climatic Model . .....oiiri i i i ittt 67
Drainage Model ..........ciiiuiiiiiiiiiiiiiii i 68
Structural Analysis Models . ......... ... o il 68
DesignMethod . ... ...ttt 69
Shoulder Analysisand Design . ...... ...ttt 69
2. PRESENTATION OF SECTIONS FOR CASE STUDIES . ............... .. 69
MIinnesota 1 ......iiniiininiiiiiiiii i ittt 69
Califormia T ... ...ttt i i it cn e 71
Michigan 1 ... .. o i i i i e 71
NorthCarolina 1... ...ttt i et a et iiiaaeees 71
3. EVALUATIONOFTHECMS PROGRAM ...........citiiiiininannnnn 75
£3 o L Cac o) + R P R .75
Brief Technical Description . ..........coouniiiiniiiiiiiniiiennenn. 75
Analysisof Results ....... ..o ittt 78
Rothsay, Minnesota . ..........cciiiuniuieeinnnnniieeiaenaannes 78
Tracy, California . ........ ...ttt iinannnnn 85
Clare, Michigan . .. ...... .. i eee 89
Rocky Mount, North Carolina . ..., 99
Conclusions and Recommendations . ...........c.coiieiiiniineiannn 101
4. EVALUATION OF LIU-LYTTON DRAINAGE MODELS ................ 104
Introduction ...... ..ottt e 104
Brief Technical Description . ........ ..ottt iniiananes 104
AnalysisOf Results .........ooiiiii i 105

ix



TABLE OF CONTENTS (continued)

VOLUME II EVALUATION AND MODIFICATION OF CONCRETE
PAVEMENT DESIGN AND ANALYSIS MODELS (continued)

Chapter Page
Rothsay, Minnesota . ...........oiiiiiiiiiiiiiiiiiiienreenennnns 107

Tracy, California .........ccoiiuiiiiinii e ennennnnnns 114

Clare, Michigan . . ... . i i i e e 119

Rocky Mount, North Carolina ..............oiiiiiiiiiieiinnen.. 125
Conclusions and Recommendations .............coiiiiiiiiieiinnen.n, 128

5. ANALYSISOFJSLABANDILLISLAB .............coitituiunineennn. 131
Introduction . ....... ..ottt ittt i ittt 131
Analysisof Results ............iuiiiiiiiiiiiiiiiiiiiiiieninennanns 132
Analysis of the Edge Loading Condition ............................ 137
Analysis-of the Corner Loading Condition .......................... 137
Analysis of a Temperature Gradient Through theSlab ................. 138
Conclusions ................. et ettt i e et 138

6. EVALUATION OF THE ILLISLABPROGRAM ................ovvnnn. 139
Introduction ....... ..ottt it i i i ittt 139
Brief Technical Description . ............ ... i, 140
Analysisof Results .......... ... ittt 141
Analysis of the Edge Loading Condition ............ et 141
Analysis of the Corner Loading Condition .......................... 144
Analysis of Voids Beneath theSlab .................. ... ... . ..., 146
Analysis of a Temperature Gradient ThroughaSlab ................... 149
Conclusions and Recommendations ................cooiiiiiiiiiiian., 153

7. EVALUATION OF THEPMARPPROGRAM ...........c.0iiiiiiniinnnns 153
Introduction . ...... ... o i i i i e i, 153
Brief Technical Description . ............oiiuiiiiiiiiiininieennenenns 154
Analysisof Results .......... ... ittt 156
Analysis of the Edge Loading Condition ...................... .. ..., 158
Analysis of the Corner Loading Condition .......................... 160
Conclusions and Recommendations ................ooiiiiiiiiiiian.n. 161

8. EVALUATION OF THE ZERO-MAINTENANCE

DESIGNPROCEDURE ..........iiiiiiiiiiiiiiiiiiiiiiienranenens 162
Introduction ...... ... i e e 162
Brief Technical Description ............. ... ..o ittt 162
Analysisof Results ......... ... ittt 165
Conclusions and Recommendations . ...........c.oiiuinienrnernennnnn, 168

9. EVALUATIONOF JCS-1 . .. ... ittt ie it i innenenen 168
Brief Technical Description ......... ... ... .. it iiiiiiiiiiiinnen.. 168
Analysisof Results ............ ... i ittt 169
Conclusions and Recommendations .............c.cciiiiiiiiennenn... 170

10. EVALUATIONOFBERM ..........c0ittitttinnirnrennrennnencnnnnnss 171
Brief Technical Description . ........ ... ..o ittt 171
Analysisof Results ............ .. .. i iiiiiiiiiiiiiiiiiiiiiennnn. 172
Conclusions and Recommendations ...............ociiiiiiienninnnnn. 173

11. SUMMARY AND CONCLUSIONS . ... ... iiiiiiiiiiiiiiinennnnnn. 173
5  DEVELOPMENT OF NEW PREDICTIONMODELS .............cccvvnen... 175
1. INTRODUCTION ...ttt it ettt eiennnenns 175



TABLE OF CONTENTS (continued)

VOLUME I _EVALUATION AND MODIFICATION OF CONCRETE
PAVEMENT DESIGN AND ANALYSIS MODELS (continued)

Chapter Page
2. NEWPREDICTIONMODELS ........ciiuitiiitiinrernnenennnnenenns 175
Present Serviceability Rating (PSR) . .......... . oo i, 175
Jointed Plain Concrete Pavements . .........c.oeeueneeneneancnencns 175

Jointed Reinforced Concrete Pavements . . ........cocoiuiieeennnnn, 176
Longitudinal Cracking ........... ..ottt 177
Transverse JointFaulting ........... ... . i, 178
Doweled Concrete Pavements . ..........oviitinineneeenoearonnnns 181
Nondoweled Concrete Pavements . .........c.civniunnnntennennnans 183
Transverse Cracking ... ...c.vitiiiuinineeneeieneenennnncnns e 191
AppHed M . oo e e e 191
Allowable N . ... ..ttt ittt irierernneannnesaanans 192

JPCP Cracking Model ...ttt iienenneaaens 196
Transverse JointSpalling ......... .. .. . ittt 200
[PCP Joint Spalling Model . ..... ..ottt 200

JRCP Joint Spalling Model . .........oiiiiiniiiiiiniiiientn 202

6 EVALUATION OF THE COST-EFFECTIVENESS OF SELECTED

PAVEMENT DESIGN FEATURES ...... ..ttt tetoesocnenannsennacanns 207
1. INTRODUCTION . .oiiiit ittt it tanssnoneoasassososassonnenns 207
2. ANALYSIS PROCEDURE ........citittittrreneanasseaasssnnnnnenns 207
Cost INfOrmation . . ...t ii ittt it tieineinneeesosananecnsnnennns 209

Life Prediction . .......cciiiiininimeeeennnenecaansonnns et e 209
COSt-EffeCtiVENeSS . . o o oot v vttt it eeeseeneeneenaenaaaasssesannanns 209

3. RESULTS . itittitie it ieeiieetnenaeneaneanannns e, 210
ATIZOMA ittt it ittt tieseteeeesesesesasassssssesesasneneans 210
Comparative Design 1 ... oo vttt it i ttteeeeneearacsanannesas 210
Comparative Design 2 . ....viiiint ittt ininiinnienerononenes 210
Comparative Design 3 .. ... ittt ittt ittt 212

Q%Y 11700 11 7- YOO 212
Comparative Designl . ... .o iiiii ittt iiiinaenaeeneans . 212
Comparative Design 2 . ......oitiiiit ittt iiieennennanennnes 212
Comparative DeSIZm 3 . . .o v v it ittt it ittt ..., 215
Comparative Design4 .. ......oovvieniiiii ittt 215
Comparative Design 5 . ... ..ottt i i e 215
Comparative DESIgN 6 . ... oo vvieeiei ittt 215
Michigan ... . it e et i 216
Comparative Designl . ....covvieineren i eienieiennneenn. 216
Comparative Design2 .. .....ovtiiitniiiii ittt 216
Comparative Design 3 ... ... ..oiiiiii ittt 219
Comparative Designd . ... .o oovvietnieein ittt 219
Comparative Design 5 . ... ...t 219
Comparative Design 6 .. .......otieeniiitiiiiiiiiiieiiiiaian 219
MINNESOLA &« o v v ettt vttt titete s sneeenseoesenossonsassnssesasanonas 220
Comparative Designl . ... ...ttt ittt 220
Comparative DEeSIZN 2 . ... ..ottt ittt 220
Comparative Desion 3 . ... ... ittt it eierieraat et 220

xi



TABLE OF CONTENTS (continued)

VOLUME II_EVALUATION AND MODIFICATION OF CONCRETE
PAVEMENT DESIGN AND ANALYSIS MODELS (continued)

Chapter Page

Comparative Desien 4 . ... .o i it ittt et e et e 223

Comparative Design 5 . ...t ittt i 223

JaN[u) o4 ROV o) 3 2 Y- 223

Comparative Designl ........ ..ottt ittt 223

Comparative Design 2 . ......coiiiiiiii ittt iiieaeeaenn. 225

Comparative Desigm 3 . ... v vttt it it i it e e e e 225

B, SUMMARY ..ttt ittt ittt et aeeerisseenoneeenneneennneenns 225

7 SUMMARY AND CONCLUSIONS ..ottt ittt i ettt e tnennn s 228
APPENDIX A — PAVEMENT DESIGNS FOR COST-EFFECTIVENESS

EVALUATION .. ittt ittt ittt ieeensneneeenennenneeeess 230

REFERENCES ..ttt ittt it tte ittt tnsaeenenanosoeenenneennens 239

VOLUME III SUMMARY OF RESEARCH FINDINGS

Chapter Page

1 INTRODUCTION . ... ittt t et it eaanans 1
STUDY OBJECTIVES . ...ttt ittt e e e e e et e et 1
BACKGROUND AND RESEARCHSCOPE .............. ..., 2
DESCRIPTION OF REPORTS . ... ... it iiiiiirieiennnannans 2

2  STUDY SECTIONS AND DATACOLLECTION ..........c.oiiitinnnnnnnnn. 3
STUDY SECTIONS . ... i it et ittt i eaeaann 3
DRY-FREEZE ENVIRONMENTAL REGION .......................... 3
DRY-NONFREEZE ENVIRONMENTAL REGION ...................... 3
WET-FREEZE ENVIRONMENTAL REGION ........ ... ...t 8
WET-NONFREEZE ENVIRONMENTALREGION ...................... 8
OVERALL DISTRIBUTION OF DESIGN FEATURES ....................... 8

L 7. 0 10 ¢ 2 - 8
SLABTHICKNESS ....... ...ttt iiiiieinnanaennnnn. 8

JOINT SPACING/PAVEMENT TYPE .........citiuiuiniiiinnninennnnnnnn 12

LOAD TRANSFER ... ... ittt it eiaanaanan 12
SHOULDER TYPE/WIDENED LANES ......... ...ttt 12

SINGLE PAVEMENT SECTIONS . ....... .o ittt 12

FIELD DATA COLLECTION . ... it iiiiiiiiiiieieinananananans 12
PAVEMENT CONDITION SURVEY . . ...... ... i 17
DRAINAGE SURVEY ... .. ittt it iiinaannn 17

PHOTO SURVEY . . ... i i i e e et e e eiiaaanan B 18
FALLING WEIGHT DEFLECTOMETER (FWD) . ....................... 18
PAVEMENT ROUGHNESS . ... ... ittt ieiaann 18

xii



TABLE OF CONTENTS (continued)

VOLUME III _SUMMARY OF RESEARCH FINDINGS (continued)

Chapter
WEIGH-IN-MOTION (WIM) . ..t ottt iet ittt etieeaesanoesannnens
CORING AND BORING . ..o ittt ittt tenseesenososeaosssnsneneses
DATA BASE DESCRIPTION

..........................................

3 SUMMARY OF THE EFFECTS OF DESIGNFEATURES .....................
PROJECT SUMMARIES ....... ..ot ttititennrionnansoncensnnsesonnsns
EFFECTS OF PAVEMENT DESIGN FEATURES ..............coiuiininnn..
SLABTHICKNESS ......i ittt innnnnoaneessonsssnsueesns
BASE TYPE . ...ttt it iniianeseesosnnnnancssssassnnnnns
SLAB LENGTH .......ccoiiitiiiitrietettieeennnnnnrecessnananonans
SLAB REINFORCEMENT ............... PP
JOINT ORIENTATION . ...ttt tiaeetttnatanacanannns
JOINT LOAD TRANSFER
DOWELBAR COATINGS . ... .ttt iitiiienanaeaanensesnnn
LONGITUDINAL JOINT DESIGN
JOINT SEALING . ..ottt ittt iiiiaeonssnasoacsnnannsannns
TIED SHOULDERS ... .. ittt ietterenrorooaraasssssnenennns
WIDENED TRAFFIC LANES

.........................................

..................................

......................................
........................................................

...............

SYNTHESIS AND SELECTION OF INITIAL MODELS .....................
ANALYSIS OF THE ACCURACY OF SELECTED PREDICTION MODELS
STATISTICAL ANALYSIS OF PREDICTION MODELS .................
AASHTO PAVEMENT DESIGNMODEL . ........c..iiiiiiiinnnnnn
PEARDARP . ... .ttt iiiitieteeatanenenoeareeacacannenns
NCHRP 277 (COPES) . . . ot ittt ittt it ie i it i ieeeneccananunns
PFAULTFAULTING MODELS . ... ...ttt
OVERALL EVALUATION OF THE PREDICTION MODELS .............
CASE STUDIES FOR SELECTED ANALYSIS MODELS ................. [
EVALUATION OFTHECMS PROGRAM ...........coiiiiiiiiiannnn
EVALUATION OF THE LIU-LYTTON DRAINAGE MODELS ............
EVALUATION OF THE ILLISLAB PROGRAM ........... ... .ot
ANALYSISOFJSLABAND ILLISLAB . .. ......cociiiiiininnennns
Analysis of the Edge Loading Condition ........... ... coiiiieiinnn,
Analysis of the Corner Loading Condition .................cooienenn
Analysis of a Temperature Gradient Through the Slab ..................
ConCIUSIONS . .. ...viiueniriinneennennsenesooasenosonecaonsansss
EVALUATION OF THEPMARPPROGRAM . ..........coviiinnnn,
EVALUATION OF THE ZERO-MAINTENANCE DESIGN PROCEDURE . . ..
EVALUATION OF JCS-1 . ... ottt ittt iiiiieieeanetosaasasoneananns
EVALUATION OFBERM .......ttutiititiinennancencnasnncnnnnnnn
SUMMARY AND CONCLUSIONS .. ... . iiiiiiiiiiiiiinieneaennans

......

xiii

21

21
21
21
21
23
24
26
26
27
27
27
28
28
29
29

30

30
30
31
31
32
35
35
40
40
41
42
43
44
45
45
46
47
47
49
49
50
51



TABLE OF CONTENTS (continued)

YOLUM

Chapter

E Il SUMMARY OF RESEARCH FINDINGS (continued)

5 DEVELOPMENT OF NEW PREDICTION MODELS .............cccivuvn...

INTRODUCTION ... i ittt ittt et tnaetnanssnnses
PRESENT SERVICEABILITY RATING (PSR) . .......otiiiiiiiiniinnneenn.
LONGITUDINAL CRACKING . ... . ittt ittt it iien i ieennennnnans
TRANSVERSE JOINT FAULTING . .......0ittitiitiintantnnennaneanons

DOWELED CONCRETE PAVEMENTS .. ... ... ittt iiiainnnns

NOND

OWELED CONCRETE PAVEMENTS ..............c0iviinnnn.

TRANSVERSE CRACKING . ...ttt i e,
TRANSVERSE JOINT SPALLING .. ......outinnineiniiaaneinannnnn.
JPCP JOINT SPALLING MODEL .. ...ttt e e eaeaennns
JRCP JOINT SPALLING MODEL . ... ..\tiutinniiieeaaaneanenn.
USE OF MODELS INDESIGN . . ...ttt ittt ettt eeiee e
ACCURACY OF MODELS . ...t oitittiee e e ee e e

SUMMARY

.....................................................

6 COST EFFECTIVENESS EVALUATION OF SELECTED
PAVEMENT DESIGN FEATURES .. ...... .00ttt rinniernnanosans

.....................................................

APPENDIX A PARTIAL LISTING OF CANDIDATE SECTIONS ..................

APPENDIX B NEW PREDICTIONMODELS . . ... ... otiiitiiiniiintnntrnnnnnns

PRESENT SERVICEABILITY RATING .........iittinitiiniiineennnonnnnn
JOINTED PLAIN CONCRETEPAVEMENTS ............oiiiinvinnnn.
JOINTED REINFORCED CONCRETEPAVEMENTS ..............c0u...

TRANSVER

SEJOINT FAULTING ..... .ottt iiiiiaetannnnns

DOWELED CONCRETEPAVEMENTS . ....... ..ottt
NONDOWELED CONCRETE PAVEMENTS ............c0iiiuriinnnnn

TRANSVER
TRANSVER

SE CRACKING - JOINTED PLAIN CONCRETE PAVEMENTS ......
SEJOINT SPALLING ...... .. ittt ininanne,

JPCP JOINT SPALLING MODEL . .\ vt ettt
JRCP JOINT SPALLING MODEL . .« .o oe ottt eeeee e,

REFERENCES

.....................................................

xiv

73

73
73
75
75

78

82

82
82
83

87
90
91
91
92

93



TABLE OF CONTENTS (continued)

VOLUME IV__ APPENDIX A - PROJECT SUMMARY REPORTS AND

SUMMARY TABLES

Chapter Page
1 INTERSTATE 94 ~ ROTHSAY, MINNESOTA ..............iiiiiiinnnnn.. 1
1. INTRODUCTION ... ..ttt tittanastssesnnnnasess 1
2. CLIMATE ... ittt ieninirsseensasseseessnansnseasonns 1
K ¥ . ¥ 3 3 (O 1
4. MAINTENANCE AND REHABILITATION ............iitiiiinnnnnn.. 2
5. PHYSICALTESTING RESULTS .........c.0ttitiiiiiinninenrnnnennnns 2
6. DRAINABILITY OF PAVEMENT SECTIONS ................ccvvnn.. 3
7. DETERIORATION OF PAVEMENT SECTIONS ....................... 6
JointSpalling ......... .. i i i 6

Best Performance . .........c..uitiinnennnneenenioeneenneennennnnns 6
Worst Performance . .......coiiiiiininiiiiiiiniiennasnnnnesnnanns 6
JointFaulting . ...... ... . i e 6

Best Performance ...........oueiiiinininenneniennnennnensntnsoeanns 7
Worst Performance . ...ttt iiiiiiiiitenenannns 7
Transverse Cracking . ........c..iiiiitiinniiit i iniennennennnans 7

Best Performance . ........c.ccueiiiiiniininieennenrenenennnnaenanns 8
Worst Performance . ........ciiiitiniiiiiieeninernenennenennanenns 8
Longitudinal Cracking ........... ...ttt iiiieeinninennenenn,s 8

Best Performance ...........ouiiiieiiinintiiineiiteeenieneenennns 8
Worst Performance . .......oovvtiiii ittt i i i 9
Present Serviceability Rating (PSR) and Roughness . ...................... 9
Other Distress TYPes . . . ..o i ittt ittt it ieieiiennanns e 9

8. EFFECT OF DESIGN FEATURES ON PAVEMENT PERFORMANCE ....... 9
Base Type . ..ot et i e s 9
Joint Load Transfer . .. .o vttt ine it ieieteeenrnnnnnonanessncans "9
SlabThickness ............ ittt ittt iriaennnannnn 10
JointSpacing . ... ... L i i i e e e 10

9. COMPARISON OF OUTER LANE AND INNER LANE PERFORMANCE ... 10
10. SUMMARY AND CONCLUSIONS ........ ..t itiiiiiiiiiiiinenannn 1
11. ADDITIONALREADING . ... ... ittt ittt iiiinrannnannnnn 12
2  INTERSTATE 90 -~ ALBERT LEA,MINNESOTA .............c.coiiivnnn., 13
1. INTRODUCTION ... .ttt ittt it ii ettt enesnnnannnns 13
2. CLIMATE ... .ttt ittt ittt eteeeraneneenenneasanennenns 13
3. TRAFFIC . i i it it ettt it ia et inaennaannann 13
4. MAINTENANCE AND REHABILITATION ............c.c0iiiinannnn. 13
5. PHYSICALTESTING RESULTS .........c0iuiiiriniininannnnnnannnnn 14
6. DRAINABILITY OF PAVEMENT SECTIONS ............... ..ot 15
7. DETERIORATION OF PAVEMENT SECTIONS ................. .. ... 15
JointSpalling . ..... ...t i et 15
JointFaulting . ........ ... . i i i it 17
Transverse Cracking . ........ ...ttt iiieiinnennnaennns 17
Longitudinal Cracking . .......... ... .. ittt iiiiiiannnnn. 17
Present Serviceability Rating (PSR) and Roughness ....................... 18
Overall Shoulder Condition ........... ... ... i, 18

XV



VOLUME 1V

TABLE OF CONTENTS (continued)

APPENDIX A - PROJECT SUMMARY REPORTS AND

Chapter

9.
10.
11.

3 INTERSTATE 90 - AUSTIN, MINNESOTA

RN G R W

4 TRUNK HIGHWAY 15 - NEW ULM, MINNESOTA

PNRAA B RN

5 TRUNK HIGHWAY 15 -« TRUMAN, MINNESOTA

PN DN

SUMMARY TABLES (continued)

EFFECT OF DESIGN FEATURES ON PAVEMENT PERFORMANCE ......
Pavement Type . ........ .
JointSpacing . ... ... e
Slab Thickness . ...........iuiiiiiii ittt
Shoulder Type . ......ciiiiiiiiiiiiiiii ittt it
Widened Inside Lanes ............ ... ... . i i,
COMPARISON OF OUTER LANE AND INNER LANE PERFORMANCE ...
SUMMARY AND CONCLUSIONS . . ... ..ottt iiieninanenn
ADDITIONAL READING . ... ... ittt e i

INTRODUCTION ..ttt ittt ieteaeeee e e
DESIGN . e et e s
CLIMATE ...t ittt ittt ittt ittt ienaeesnenaesnnnsesons
TRAFFIC ... e i e e e
DRAINABILITY AND OTHER PHYSICAL TESTING RESULTS . .........
MAINTENANCE AND REHABILITATION ........c.oiiitiineinnnnnns
PAVEMENT PERFORMANCE ........ ... . i iiiiiiiiiiiiinnrnnnns
CONCLUSIONS ..t ittt ittt et et tn e,

INTRODUCTION ... ittt i ittt e it et
DESIGN .. e e e e e
CLIMATE .. e e e e e i e
TRAFFIC . i e et e
DRAINABILITY AND OTHER PHYSICAL TESTING RESULTS . .........
MAINTENANCE AND REHABILITATION ...........c.oiiuiinninn..
PAVEMENT PERFORMANCE ....... ...ttt
CONCLUSIONS ... it it it it ettt et teneneennnns

INTRODUCTION . ...ttt ittt ieieteanennaens
DESIGN . e e
CLIMATE ... i it i e ittt e
TRAFFIC ... i i i ittt i e
DRAINABILITY AND OTHER PHYSICAL TESTING RESULTS ..........
MAINTENANCE AND REHABILITATION ..........cotiiiiinninnn.
PAVEMENT PERFORMANCE .......... .. iiiiiiiiiiiiiiiinennn
CONCLUSIONS ... i ittt ittt e ittt

6 STATE ROUTE 360 (SUPERSTITION FREEWAY)

-- PHOENIX, ARIZONA

1.

INTRODUCTION ...ttt ittt ittt ittt

X Vi

..............................

.......................

.......................

............................................

Page

18
19
19
19
19
20
20
20
22

23

23
23
23
23
23
24
24
24

25

25
25
25
25
25
26
26
26

27

27
27
27
27
27
28
28
28

29

29



TABLE OF CONTENTS (continued)

VOLUME IV__APPENDIX A - PROJECT SUMMARY REPORTS AND
: SUMMARY TABLES (continued)

Chapter Page
2. CLIMATE ...ttt i i i i ettt e et 29
3. TRAFFIC .. i i i i i i it i ittt e 29
4. MAINTENANCE AND REHABILITATION ................cetunnn. 30
5. PHYSICAL TESTING RESULTS . ... ...ttt ittt 30
6. DRAINABILITY OF PAVEMENT SECTIONS ......................... 31
7. DETERIORATION OF PAVEMENT SECTIONS ................coitn, 31

Joint Spalling . ...... ..o e e 34
JointFaulting . ........ ... ... . i i i e 34
Transverse Cracking ... ....cotiiiit ittt iiieeieinneneanenn 34
Longitudinal Cracking . ..........coutiriinnuniiieneernenennnenn. 34
Present Serviceability Rating (PSR) and Roughness . . ..................... 35

8. EFFECT OF DESIGN FEATURES ON PAVEMENT PERFORMANCE ....... 35
Base Ty P « ot ittt e e i 35
Load Transfer Devices . ........c.ouiiintininiinenennenenneneenennns 35

Slab ThIiCKNESS . ..o iii it ittt ittt ittt eetaeneanneannonns 36
ShoUder TYPe ..ottt ittt et it iin e 36
Subdrainage .......... ... e 36

9. COMPARISON OF OUTER LANE AND MIDDLE LANE PERFORMANCE . . 36
10. SUMMARY AND CONCLUSIONS . ... ... . ittt inanenenenn 37
11. ADDITIONALREADING . ... ...ttt iiiieieeneeennenns 37
7  INTERSTATE 10 - PHOENIX, ARIZONA ........... ... ... ..t 38
1. INTRODUCTION . ...ttt ittt ie it enaneeenens 38
2. DESIGN i e e e 38
K T 8 1. 7. N 38
4. TRAFFIC ..ttt it it ittt et eianeaeanns 38
5. DRAINABILITY AND OTHER PHYSICAL TESTING RESULTS . .......... 38
6. MAINTENANCE AND REHABILITATION ..............0iiiiieenenn 39
7. PAVEMENTPERFORMANCE .......... ... 0iiiiiiiiniinnennncnnnnn. 39
8. CONCLUSIONS . ...\ttt it ineitnennaeanannnsannenenss 39
8 INTERSTATE 5 - TRACY, CALIFORNIA ........... ..ot itininiiiinnnnn. 41
1. INTRODUCTION ... ittt ittt iiiiinateaneanneneanns 41
2. CLIMATE ...\ttt ea e e eneaanaoeaeaannsnennoanes 41
3. TRAFFIC .ottt it ettt e iaeeneaenaoann 41
4. MAINTENANCE AND REHABILITATION ...............ccoiininnn 42
5. PHYSICAL TESTING RESULTS ............iitiitiiiiitnennnnenenn 42
6. DRAINABILITY OF PAVEMENT SECTIONS ..............covninn.n 43
7. DETERIORATION OF PAVEMENT SECTIONS ..............coonunt. 4
JointSpalling . ... ... e e 44
Joint Faulting ......... ..o i 44
Best Performance . .. covviii it e e 47
Worst Performance . ... vvvit ittt ittt e e enaas e 47
Transverse Cracking .......... ... it iiiiiiiiiiiienn. 47
Best Performance ... .........iuiiii ittt i i e 47




TABLE OF CONTENTS (continued)

VOLUME IV__APPENDIX A - PROJECT SUMMARY REPORTS AND

Chapter

9

SUMMARY TABLES (continued)

AT 00T 21 4 0= ¢ o) w0 0T 2 o=

Longitudinal Cracking ............ ... .. .. i,
Present Serviceability Rating (PSR) and Roughness . ......................
8. EFFECT OF DESIGN FEATURES ON PAVEMENT PERFORMANCE .......

Base Type

......................................................

JointSpacing . ... ... i i e
HighStrengthConcrete ............ ...ttt
Slab Thickness . ..........ciiiitiiimiiiiii it iiiiiieenenennnns
9. COMPARISON OF OUTER AND INNER LANE PERFORMANCE .........
10. SUMMARY AND CONCLUSIONS . ........iiiiiiiiiiiiiiiinnenn.n
11. ADDITIONALREADING . .......ciiti ittt inieeneennans

INTERSTATE 210 -- LOS ANGELES, CALIFORNIA ..........cciiiiiininnns

CLIMATE
TRAFFIC

NRA R DN =

INTRODUCTION ...ttt intanteteetosnnnsnnoneeeens

......................................................

\
.....................................................

MAINTENANCE AND REHABILITATION ..........ciiiiiiinnnnnnn.
PHYSICALTESTING RESULTS ..........0iiitiiiiiiiiiiiiiirnnannnn
DRAINABILITY OF PAVEMENT SECTIONS .............iiiiiiinnn,
DETERIORATION OF PAVEMENT SECTIONS .............coiivinn..

JointSpalling . ....... ... e
JointFaulting ........ ... .. ..
Transverse Cracking ................ e e i e
Longitudinal Cracking .......... ...t iiiiiiiaannaan
Present Serviceability Rating (PSR) and Roughness . . .....................
Other Pavement Distress . . .. ...ttt
8. EFFECT OF DESIGN FEATURES ON PAVEMENT PERFORMANCE .......
9. COMPARISON OF OUTER AND MIDDLE LANE PERFORMANCE .......
10. SUMMARY AND CONCLUSIONS ........00iiiiiiiiiiiininnnennannn
11. ADDITIONAL READING . ... .. it ittt

10 ROUTE 14 -- SOLEMINT, CALIFORNIA . ....... ... iitiiiiiiinnnnnn e

11

DESIGN
CLIMATE
TRAFFIC

NN WD

INTRODUCTION ...ttt ittt iitittiennrersnannronnnnneens

.....................................................

.....................................................

ooooooooooooooooooooooooooooooooooooooooooooooooooooo

DRAINABILITY AND OTHER PHYSICAL TESTING RESULTS . ..........
MAINTENANCE AND REHABILITATION . .......citiitiiinnnnnnnnnnn
PAVEMENT PERFORMANCE ........ .00 ttiiiinirinnnenennnnnnns
CONCLUSIONS ... ittt ittt ittt ietennsersaneonnennns

INTERSTATE 5 -- SACRAMENTO, CALIFORNIA ............ . .cccvinnan.,

1. INTRODUCTION ... ...ttt it trineeenannanannnn

2. DESIGN

.....................................................

xviii

52

52
52
52
52
53
53

56

56
56

57
57
58

59

59
59
59
59
59

61

61
61



VOLUME IV APPENDIX A - PROJECT SUMMARY REPORTS AND

Chapter

12

13

3
4
5.
6.
7
8

NSO W=

10.
11.

TABLE OF CONTENTS (continued)

SUMMARY TABLES (continued)

TRAFFIC ............

.........................................

.........................................

DRAINABILITY AND OTHER PHYSICAL TESTING RESULTS . ..........
MAINTENANCE AND REHABILITATION .........c0iuitiieennennncnnn
PAVEMENT PERFORMANCE . ... ...t iititiiiiitennnnenennnnannnns

CONCLUSIONS .......

INTRODUCTION ......
DESIGN ............
CLIMATE ............
TRAFFIC ............

.........................................

.........................................

.........................................

.........................................

.........................................

PAVEMENT PERFORMANCE . .......0ittiiitiiiiinitinnnenennnnas

CONCLUSIONS .......

INTRODUCTION ......
CLIMATE ............
TRAFFIC ............

.........................................

.........................................

.........................................

.........................................

.........................................

PHYSICAL TESTINGRESULTS ...... ... iiiiiiiiiiiiiiinnannnnn.
DRAINABILITY OF PAVEMENT SECTIONS .............. [P
DETERIORATION OF PAVEMENT SECTIONS .............ccivvvnn..

Joint Spalling ..........
Best Performance .......

Joint Faulting ..........
Best Performance .......

Transverse Cracking . .. ..
Best Performance .......

Longitudinal Cracking ...

.........................................

.........................................

.........................................

.........................................

.........................................

.........................................

.........................................

.........................................

.........................................

.........................................

Present Serviceability Rating (PSR) and Roughness . . .....................
EFFECT OF DESIGN FEATURES ON PAVEMENT PERFORMANCE .......

Base Type .............
Joint Load Transfer ......
Subdrainage ...........
Joint Spacing . ..........

.........................................

.........................................

.........................................

.........................................

Concrete Acceleration Ramp .. ......... ... ittt
COMPARISON OF OUTER AND INNER LANE PERFORMANCE . ........
SUMMARY AND CONCLUSIONS . ... .ottt iii i iie i ieenen

ADDITIONAL READING

.........................................

xix



TABLE OF CONTENTS (continued)

VOLUME IV __APPENDIX A - PROJECT SUMMARY REPORTS AND

Chapter

14

15

16

17

INTERSTATE 94 -- MARSHALL, MICHIGAN
INTRODUCTION

DESIGN
CLIMATE
TRAFFIC

RPNNA W=

DRAINABILITY AND OTHER PHYSICAL TESTING RESULTS
MAINTENANCE AND REHABILITATION . ..........ouovuenierannnn..
PAVEMENT PERFORMANCE . ......ouiniinataiananeenanannns
CONCLUSIONS ... etetet et e et e e e e et

SUMMARY TABLES (continued)

.............................

...............................................

.....................................................

.....................................................

.....................................................

...........

INTERSTATE 69 -- CHARLOTTE, MICHIGAN ........ . .citiittinnneeneens

CLIMATE
TRAFFIC

NOARDND=

INTRODUCTION ... ittt ittt eensonsonnnnans

.....................................................

......................................................

MAINTENANCE AND REHABILITATION .........cciiiiiiniinnnan,
PHYSICAL TESTING RESULTS . ........ ittt
DRAINABILITY OF PAVEMENT SECTIONS ......... ... ...,
DETERIORATION OF PAVEMENT SECTIONS

JointSpalling . ...... ... . i e
Joint FAUItING . ..ottt ettt e e

Transverse
Transverse

Cracking . ....ciiiiiiii i i i e et
Crack Faulting ........... ... .. . i,

Longitudinal Cracking . ...........iiiiiiii i iiriiienrnnennennnn
Present Serviceability Rating and Roughness ..................... .. ...
Shoulder Condition . .. ... i i et
8. EFFECT OF DESIGN FEATURES ON PAVEMENT PERFORMANCE .......
9. COMPARISON OF OUTER AND INNER LANE PERFORMANCE . ........
10. SUMMARY AND CONCLUSIONS . ... ...ttt it iiintnnananennnn
11. ADDITIONALREADING . ... ... ittt ieinianaaanann

INTERSTATE 94 - PAWPAW, MICHIGAN ..........ciiiiiirinnnnnn. P

DESIGN
CLIMATE
TRAFFIC

P ONO DLW

INTRODUCTION ... it i it i ittt et cinaenonannnnns

.....................................................

.....................................................

.....................................................

DRAINABILITY AND OTHER PHYSICAL TESTING RESULTS ...........
MAINTENANCE AND REHABILITATION .........c0iuittiiiennnnnnn,
PAVEMENT PERFORMANCE . ..... ... ittt tiiiinnnennnnnn
CONCLUSIONS ... i ittt it e eitneenenaenenass
ADDITIONAL READING . ... .. ittt it it ienenanns

ROUTE 23 -- CATSKILL, NEW YORK . ... ... ittt iiiinranans

1. INTRODUCTION ... ittt it tstsesansnannnns

2. CLIMATE

.....................................................

XX

91

91
91
91
N
91
92
92
92
93

94

94
94



TABLE OF CONTENTS (continued)

VOLUME IV__APPENDIX A - PROJECT SUMMARY REPORTS AND
SUMMARY TABLES (continued)

Chapter Page
K T 1523 ¥ 3 1 (g 95
4. MAINTENANCE AND REHABILITATION ......... .t iiiieenrnenns 95
5. PHYSICALTESTINGRESULTS ........ccititiriiiinnanenennnanans 95
6. DRAINABILITY OF PAVEMENT SECTIONS ..............cccuvtnenn.. 96
7. DETERIORATION OF PAVEMENT SECTIONS ....................... 99

JointSpalling ....... ... i e e e 99

Best Performance ... ....ovvriiteiinnunnenneaieentrneennennsananns 99
Worst Performance ... ...ovviiiiiii it ittt iitanenannenennnnns 99
JointFaulting ......... ... . . it it 99

Best Performance . ..........couiiiiinninininieneerennnncnsananenns 99
Worst Performance ... .....ocviiiiitininennniieninnnaneoeanaoanans 100
Transverse Cracking . ...... ..ottt iiiiiiineanereonaennnns 100

Best PErfOrmAance .........ccoveeiiiinenneeennanecnonseaanssaannsns 100
Worst Performance ... ...o.vviiniitentetninaneeneneeneannnaansns 100
Longitudinal Cracking ............oo i iiiiiiiiiiiiininnnnnn. 100
Present Serviceability Rating (PSR) and Roughness . ...................... 101

8. EFFECT OF DESIGN FEATURES ON PAVEMENT PERFORMANCE ....... 101
T T o 101
Load Transfer Devices . .........cuiniiniiininiiiinnnnennenrnnnnnannn 101
Joint Spacing . .. ...oi it i i i e 102
Joint Orientation . . ..o vt iir it ittt ittt ettt e e 102

9. COMPARISON OF OUTER LANE AND INNER LANE PERFORMANCE ... 102
10. SUMMARY AND CONCLUSIONS . . ... ...ttt ininineneenn 103
11. ADDITIONAL READING . ... .. ittt it iiieienaeaaas 103
18 INTERSTATE 88 - OTEGO, NEW YORK ........... ... iiiiiiiinannnnns 104
1. INTRODUCTION . ... . iiiitiiiitiiitiieiaraeaenenaannnasnnnanns 104
2. CLIMATE ...ttt iiiteiietnenenanasnesaananasennannnns 105
3. TRAFFIC .. ittt it i ittt et et enenaenaaanns 105
4. MAINTENANCE AND REHABILITATION ..............coiiuinen.. 105
5. PHYSICAL TESTINGRESULTS ......... .00 iiiiiiiiinnnenennennn. 105
6. DRAINABILITY OF PAVEMENT SECTIONS ..................... coee 107
7. DETERIORATION OF PAVEMENT SECTIONS ....................... 107
JointSpalling ...t e e e e 107
Joint Faulting . ..... ... .. i e e 107
Transverse Cracking .. ........ouiiiiintineiieineenneneenanneneenns 107
Longitudinal Cracking .......... ..ottt iieeennannanns 110
Present Serviceability Rating (PSR) and Roughness . . ..................... 111
Concrete Shoulder Distress Summary .............coiiiiiiiiannn.. 1M

8. EFFECT OF DESIGN FEATURES ON PAVEMENT PERFORMANCE ....... 111
9. COMPARISON OF OUTER LANE AND INNER LANE PERFORMANCE ... 112
10. SUMMARY AND CONCLUSIONS . ... ...ttt iiiiinnen. 112
19 US.23~CHILLICOTHE, OHIO ........ ... iiiiiiiiiiininenenreaannnns 114
1. INTRODUCTION . ... ittt it iieiaaeaannenennananns 114

xx1



TABLE OF CONTENTS (continued)

VOLUME IV __APPENDIX A - PROJECT SUMMARY REPORTS AND
SUMMARY TABLES (continued)

Chapter Page
2. CLIMATE ... ... ittt ittt innnonsnaennnsannanannnss 114
3. TRAFFIC . ... it ittt ittt ittt eaanaannas 114
4. MAINTENANCE AND REHABILITATION .................0i0iiuann. 114
5. PHYSICAL TESTING RESULTS ......... .0t iuiiiiiiiiiennnenennnn, 115
6. DRAINABILITY OF PAVEMENT SECTIONS ......................... 116
7. DETERIORATION OF PAVEMENT SECTIONS ....................... 116

JointSpalling ....... ... i i i 116
JointFaulting ....... ... . i e 119

Best Performance ............c.iutiriiiiiiiiii ittt i 119
Worst Performance . .........cuueieernnnentononnsss e aae e 119
Transverse Cracking ................ e ieee e 120

Best Performance ................... et ee e 120
Worst Performance ... .....coviiiiininenenuenenrnneeennennnnensans 120
Longitudinal Cracking ............. ... iiiiuiiiiiiiieninennnenenns 120
Present Serviceability Rating (PSR) and Roughness . ...................... 120

8. EFFECT OF DESIGN FEATURES ON PAVEMENT PERFORMANCE ....... 121
Base Type . ..o i e it e et e 121
JointSpacing . .. ...t i 121
Dowel Coating ... ..ovivitiiniini ittt it aneaeaanans 121

9. COMPARISON OF OUTER AND INNER LANE PERFORMANCE ......... 122
10. SUMMARY AND CONCLUSIONS . . ... .ciitiiiiiiiiiieiaennanannns 122
11. ADDITIONALREADING . ... ..ottt ittt ieietananans 123
20 STATEROUTE2- VERMILION,OHIO .......... ... ittt 124
1. INTRODUCTION ... .ttt iiiiiitneneeenaannnaeaennans 124
2. CLIMATE ... i i i i ittt ittt 124
3. TRAFFIC ... ittt ittt it ittt iaaanananaanns 124
4. MAINTENANCE AND REHABILITATION .......... ... .cooiiiinnn.. 124
5. PHYSICAL TESTING RESULTS ........... P 125
6. DRAINABILITY OF PAVEMENT SECTIONS ......................... 125
7. DETERIORATION OF PAVEMENT SECTIONS ....................... 125
JointSpalling . ....... oo i e 125
JointFaulting ....... ... .. i e 127
Transverse Cracking . ........ ... ittt 127
Longitudinal Cracking .......... ... ... i, 127
Present Serviceability Rating (PSR) and Roughness . . ..................... 127
Other Pavement Distress . . .« .« .o vvvvvnuninentieeeeeerennnnnnnennnns 128

i =T 231 1 - S 128
Pumping .......... e ittt i i e it e e it e e 128
Longitudinal Joint Spalling ............ ... it 128

8. [EFFECT OF DESIGN FEATURES ON PAVEMENT PERFORMANCE ....... 129
9. COMPARISON OF OUTER AND INNER LANE PERFORMANCE ......... 129
10. SUMMARY AND CONCLUSIONS . ... . ittt ananann 130
11. ADDITIONAL READING . ... ...ttt inrerneanenennnnns 131
21 HIGHWAY3N -~ RUTHVEN,ONTARIO . ........ciiiiiiiiiiiieaaneenn. 132

xXii



TABLE OF CONTENTS (continued)

VOLUME IV APPENDIX A - PROJECT SUMMARY REPORTS AND
. SUMMARY TABLES (continued)

Chapter Page
1. INTRODUCTION . ......0iiitiiiiiiiitetieneennnannnnannnnns 132
2. CLIMATE ... ittt ittt teeneeteneneeeetenennenn, 132
3. TRAFFIC ...ttt ittt et etee e iae e, 133
4. MAINTENANCE AND REHABILITATION ...........c00ieiennennen... 133
5. PHYSICAL TESTINGRESULTS ..........c.tituninennnnnnnnnennnnnn. 133
6. DRAINABILITY OF PAVEMENT SECTIONS .............c.ccovunn.... 134
7. DETERIORATION OF PAVEMENT SECTIONS ....................... 135

JointSpalling . ........ ... .. i i i e 135
JointFaulting ......... ... i i 135
Transverse Cracking . ..........iiiiniiiiiiiinineiinnneeneennnnnn. 137
Longitudinal Cracking ..................... . ... ..., et 137
Present Serviceability Rating (PSR) and Roughness . ...................... 137
Shoulder Condition . .. ..... .. ittt ittt it it 138
Other Distresses . .........coiiiiiiiiiuniieernneeenenennenannneenns 138

8. EFFECT OF DESIGN FEATURES ON PAVEMENT PERFORMANCE ....... 138
Base Type . ..ottt e et et . 138
Shoulder Type . .......ciiiiiiiniii ittt ieiaennannnn. 139
Slab Thickness . ..........ciiiirriiiiiiiiiiiiiiiinnennnnnnnnnnn. 139
Base Drainability .......... ... ... . . i i i i 139

9. COMPARISON OF LANE PERFORMANCE BY DIRECTION ............. 140
10. SUMMARY AND CONCLUSIONS .......0ittiiittinnrannannnnannnn. 140
22 HIGHWAY 27 - TORONTO, ONTARIO . .......citttunninennnnnnnennnnn. 142
1. INTRODUCTION . ... ittt ittt iatieneneenaanannnnn 142
2. DESIGN . .. i i i e e e e e e e 142
3. CLIMATE . ... ittt it iiettareeeaannenaneenennennss 142
4. TRAFFIC ... . i ittt e iaaaens 142
5. DRAINABILITY AND OTHER PHYSICAL TESTING RESULTS ........... 142
6. MAINTENANCE AND REHABILITATION .............ccciiuvnnn.n.. 142
7. PAVEMENTPERFORMANCE ...........0ciiiiiinnninnnnnnnnnnnnnn. 143
8. CONCLUSIONS ...ttt iieeierrerenaaennnnnnnn. 143
23 ROUTES 66 AND 422 - KITTANNING, PENNSYLVANIA ................... 144
1. INTRODUCTION ....... ittt itiieeenerannnnnnnnnn. 144
2. CLIMATE ...ttt ittt taertineeannannaannnnns 145
3. TRAFFIC .. ittt ettt ittt iee it iieaannnns 145
4. MAINTENANCE AND REHABILITATION ..........ccoiiiinunnnannn.. 145
5. PHYSICALTESTINGRESULTS .........ccuitiuiniiieininennnnnnennnn. 145
6. DRAINABILITY OF PAVEMENT SECTIONS .............ccovvuunn... 147
7. DETERIORATION OF PAVEMENT SECTIONS ..............ccuuuun.. 147
JointSpalling ........ ... . i i e 150
JointFaulting ........ ... i it it it i 150
Transverse Cracking . ........ ..ottt ittt iiiiiennnnnn, 150
Longitudinal Cracking .............. ..o iiiiiiiiiiiiininennnnnn.. 150
Present Serviceability Rating (PSR) and Roughness . . ..................... 150

xxiii



TABLE OF CONTENTS (continued)

VOLUME IV APPENDIX A - PROJECT SUMMARY REPORTS AND
SUMMARY TABLES (continued)

Chapter Page
8. EFFECT OF DESIGN FEATURES ON PAVEMENT PERFORMANCE ....... 150
9. COMPARISON OF OUTER AND INNER LANE PERFORMANCE . ........ 151

10. SUMMARY AND CONCLUSIONS . ... . ...t iiiiiiiiiiiinnnnennnes 151
11. ADDITIONAL READING . ... .. .. ittt iareaees 152
24 ROUTE 130 -- YARDVILLE, NEWJERSEY . ....... ... oo, 153
1. INTRODUCTION ...ttt iiiiiiiiiiiaiaenerceeeiaatetessnnnnnnns 153
2. DESIGN .. ettt e e e 153
3. CLIMATE ... ittt ittt iettaaneeotoesennananeooasssonennss 153
4. TRAFFIC ...ttt ittt ittt ta e eenenea e cneaeanaeennas 153
5. DRAINABILITY AND OTHER PHYSICAL TESTING RESULTS ........... 153
6. MAINTENANCE AND REHABILITATION ............ccitttinnteen. 154
7. PAVEMENTPERFORMANCE ......... ...t itiiirnnnnnrueacissnn 154
8. CONCLUSIONS ...ttt itiiinienraeaeeoeononanensnansoanss 154
9. ADDITIONALREADING . .......iitiiiiiitiiiiiiiiiatananenns 154
25 INTERSTATE 676 - CAMDEN, NEW JERSEY ...............ciiiianencnn 155
1. INTRODUCTION . ... .ttt eieecnnanseneinennonons 155
2. CLIMATE .. .otntttittiane it aanteaeeeaeeenaaeeaanaeansans 155
3. TRAFFIC ..ttt ittt ittt ieaeaeaenieaeenenanananas 155
4. MAINTENANCE AND REHABILITATION ..........c.ciiieiiinnns 156
5. PHYSICAL TESTING RESULTS . ... ... .ot 156
6. DRAINABILITY OF PAVEMENT SECTIONS ..............ccocnvnentn 157
7. DETERIORATION OF PAVEMENT SECTIONS ...............c.cne.n. 157
Joint SPalling ..ottt 157
Joint Faulting ... ..ovunnnnnetiie i e 159
Transverse Cracking . .........oouneunen i 159
Longitudinal Cracking . .........cc..uiniiiinnieiiiieateenneeeenns 159
Present Serviceability Rating (PSR) and Roughness . ..................... 159

8. EFFECT OF DESIGN FEATURES ON PAVEMENT PERFORMANCE ....... 159
9. COMPARISON OF OUTER AND MIDDLE LANE PERFORMANCE ....... 160
10. SUMMARY AND CONCLUSIONS . ... ...ttt 160
11. ADDITIONALREADING ... ... ittt iaaaeeenns 161
26 U.S.101 - GEYSERVILLE, CALIFORNIA . ...........oiiiciiinninnennnn.. 162
1. INTRODUCTION ... .ttt iieieeatitiieeanananansnns 162
2. CLIMATE ... .ctitiiiiiiiiiiiitntanacaesesaensnensnasnsnansnnns 162
3. TRAFFIC ..ottt ittt ataaeeens 162
4. MAINTENANCE AND REHABILITATION ............coiviiieennnnn 163
5. PHYSICAL TESTING RESULTS .........coiitiniiiniiiniineennenenes 163
6. DRAINABILITY OF PAVEMENT SECTIONS ...............c.o0nvnennn 164
7. DETERIORATION OF PAVEMENT SECTIONS ...............oovnen 164
Joint Spalling ... ..ottt e 164
Joint Fauling ... ..ottt e 167

xxiv



TABLE OF CONTENTS (continued)

VOLUME IV APPENDIX A - PROJECT SUMMARY REPORTS AND
SUMMARY TABLES (continued)

Chapter Page
Transverse Cracking . ......... ... ... .. . i, 167
Longitudinal Cracking ............. ... ... .. i i, 168
Present Serviceability Rating (PSR) and Roughness . ...................... 168
Other Pavement Distress . .. ......... ..o iiuiniiiiiiinnn.... 168

8. EFFECT OF DESIGN FEATURES ON PAVEMENT PERFORMANCE . ...... 168
Tied Concrete Shoulders . ...... ... ... ... . ... 168

Joint Sealant . ......... ... e 169

9. COMPARISON OF OUTER AND INNER LANE PERFORMANCE . ........ 169
10. SUMMARY AND CONCLUSIONS . . ... ...t ititiiniineinnnennn., 170
11. ADDITIONAL READING . .........0 ittt inienennnnan... 171
27 INTERSTATE 95 -- ROCKY MOUNT, NORTHCAROLINA .................. 172
1. INTRODUCTION . ... ..ttt ittt it et ieesia e 172
2. CLIMATE ... it it ettt et et et e 172
3. TRAFFIC ... i e e e e 172
4. MAINTENANCE AND REHABILITATION ...........c.c0iitiiununnn... 172
5. PHYSICAL TESTING RESULTS . ........c.iiiiiiniinnnnnnnennnn.. 172
6. DRAINABILITY OF PAVEMENT SECTIONS ..............ccouvniun... 174
7. DETERIORATION OF PAVEMENT SECTIONS ...............c........ 174
b Joint Spalling . ....... ... ... .. e ... 174
Joint Faulting ... ...t 174

Best Performance ............ .. .ottt 177
Worst Performance ........ ... ... ittt 177
Transverse Cracking . ....... ... ...ttt iiiniinnennnn.. 177
Longitudinal Cracking ............ . ... ... ittt 178

Best Performance ......... ... .0ttt i 178
Worst Performance . ....... ... ... .. i 178
Present Serviceability Rating (PSR) and Roughness . ...................... 178

8. EFFECT OF DESIGN FEATURES ON PAVEMENT PERFORMANCE . ...... 179
Base Type ... ..o e 179
Joint Load Transfer . .. ... ...ttt eeee 179
Pavement Type/Joint Spacing . ... ....... ...ttt 179
Joint Orientation . ... ... . it i e e 180

9. COMPARISON OF OUTER LANE AND INNER LANE PERFORMANCE ... 180
10. SUMMARY AND CONCLUSIONS . . .....iiiiiiriniinnnannnnn, 181
11. ADDITIONALREADING . ... ... .ottt ittt 182
28 INTERSTATE 85 - GREENSBORO, NORTH CAROLINA ................... 183
1. INTRODUCTION . ... ittt it et i e 183
2. DESIGN ... e e e 183
3. CLIMATE ... i it e e 183
4. TRAFFIC ... i i e i et et et e 183
5. DRAINABILITY AND OTHER PHYSICAL TESTING RESULTS ........... 183
6. MAINTENANCE AND REHABILITATION ..............c.iivininnn.. 184
7. PAVEMENTPERFORMANCE . ..........iititiiiniiinninnnnnnnn.. 184

XXV



TABLE OF CONTENTS (continued)

VOLUME IV APPENDIX A - PROJECT SUMMARY REPORTS AND
SUMMARY TABLES (continued)

Chapter . Page
8. CONCLUSIONS . ..tivtiiietoeeneonuenassnsansanssoassnsesasacas 184

9. ADDITIONAL READING ... ... iiiiitneeetsooeosesonnassonanssses 185

29 I-75 -- TAMPA, FLORIDA (HILLSBOROUGH COUNTY) .........cocvutnnnn. 186
1. INTRODUCTION ...ttt ittneeernnnsssososossnseesssnnaacss 186

D DESIGN &ttt eteeesessenesossesesensasssesasosnsnesssnnnnas 186

3. CLIMATE ...ttt it ttinteeeeoaseacasosossennsasannannanassossans 186

B, TRAFFIC it tii ittt etsissnssssesseasassssessosesennannnsnas 186

5. -DRAINABILITY AND OTHER PHYSICAL TESTING RESULTS . .......... 186

6. MAINTENANCE AND REHABILITATION ......ciittiiiireneeesaocns 187

7. PAVEMENTPERFORMANCE .......c0ciitttteceasenecaonsaannnansns 187

8. CONCLUSIONS ...ttt iieterereeocasensossnonnsansssasssssnsns 187

30 INTERSTATE 75 -- TAMPA, FLORIDA' (MANATEE COUNTY) ............... 188
1. INTRODUCTION ........cctuuun e eeeseeseesee it 188

2. DESIGN © ittt eeeesaossessonssenssnsaaessassassnesanonssnnsoss 188

3. CLIMATE ...ttt nneasseeseeeoaaosassanssassasnassssas 188

4, TRAFFIC .ttt ittt eesnesnseeseaaassssssssssssnnnnannnons 188

5. DRAINABILITY AND OTHER PHYSICAL TESTING RESULTS ........... 188

6. MAINTENANCE AND REHABILITATION ......cciiiiiiiieenecnnenns 189

7. PAVEMENT PERFORMANCE . ... .. iiveitrrsesrnmseonscnsnncassees 189

8. CONCLUSIONS ... iiiittttieennrsencassosasosusssnsnssssasssens 191

9. ADDITIONAL READING .... .ottt trirerocnssssasossssssanaasaces 191

31 KEYTOPROJECT SUMMARY TABLES ...........coitiitiiiiianenecene. 192
1. GENERALANDBNVIRONMENTALDATA.........................; 192

2. DESICN DATA . oi ittt it teeeennaeensssssassosssssnannnnas 193

3. MONITORING DATA ... ittt itraaneseerostssossesnonasnoes 199

4. PERFORMANGCE DAT A ... ittt ittt ietnesoatoneonacsonossosnsons 203

32 SUMMARYOFPROJECTDATA . ... .. iiiiiitiitititcnnnannannocnonns 205
33 REFERENCES ........... R RAEEEEEEE 246

VOLUME V__APPENDIX B - DATA COLLECTION AND
ANALYSIS PROCEDURES

Chapter Page
1 FIELD DATA COLLECTIONPROCEDURES . ... ..ttt nantsascsacens 1
1. INTRODUCTION ..ttt ittt iteneenesessnssosssssssssssansensases 1

xxvi



Chapter

9w

TABLE OF CONTENTS (continued)

VOLUME V__ APPENDIX B - DATA COLLECTION AND

CONDITION SURVEY
Measurements . . . .. oottt i e e e e e
Mapped Distresses . ...........cuuniiiiiiiniiiii i .
Evaluated Conditions . ............iuitiintnn e,
Noted Conditions . ....... ...ttt it e et e,
PHOTO SURVEY . . . ..ttt ittt e e e e e e e i,

FIELD TESTING
Falling Weight Deflectometer FWD) .............cvvuuiiniininnnnn...
Coringand boring ......... ... ..ottt
Roughness/PSR . ........iiinnutitten ittt iiieinne..
TrafficControl ......... ... . i i i e

ANALYSIS PROCEDURES (continued)

...........................................

................................................

2 WEIGH-IN-MOTION DATA COLLECTION PROCEDURES ..................

3 TRAFFIC ANALYSIS

1.

..................................

................................................

INTRODUCTION ...t ittt ettt et ettt

2. INPUTSFORPROCEDURE ........coiiiniiiimniiiniinnnnnnnnn.

Average Daily Traffic, ADT ............coiiiiiiuiinnnneinnennnn...
Percentage of Heavy Trucks, TKS . ....................... e
Directional Distribution, DD . .........iiititit e
Lane Distribution, LD . .. ... .. ...,
Average Truck Factor, TF
3. CALCULATION PROCEDURE

..........................................

.....................................

4. SUMMARY ...ttt it it e e e -

4 DRAINAGE ANALYSIS AND DETERMINATION OF
DRAINAGE COEFFICIENTS ... ...ttt ittt ittt

1.

INTRODUCTION ...ttt ittt i it et et

2. AASHTODRAINAGECRITERIA ..............c.c.0iiiiiiininnnnnnnn.

Roadbed Soils . . ... i e e e
Cross SeCHON . ..ottt
MAD INDEX ... ittt e e e e e e e e e e,
Base Drainability ............ ... ... e
Climatic MOIStUre . .. ... it e e e e e e,

......................................................

MAD Index Categories . ........... ... iituuriiininnnnnnnnnnnnnnn..

Base Drainage . .....coiiii i e e
Subgrade Drainage . .........oiiiuniiiti i e

S
cvwvwarRrRU == 8

17

17
17
19

23

23
23
23
23
24
24
24
25
25

26

26
27
27
27
28
29
29
29
29
29
30



Chapter

5

TABLE OF CONTENTS (continued)

VOLUME V APPENDIX B - DATA COLLECTION AND
ANALYSIS PROCEDURES (continued)

Climatic Moisture Availability ......... ... .ot
DEVELOPING A DRAINAGE COEFFICIENT .........ccccitiieenens

Time of SAturation ... .....ccuueiiuut e eeaneeoneeanneeranneesns
Base Drainability ............c.iiiiiiiiiiiiii e
Subgrade Drainability . .............o i
Combining Base and Subgrade . .......... ..ot
CroSS SECHOM .+ v v vt ee e eee et o iasansanesneenanneesasanssess
DRAINAGE COEFFICIENTS FOR SECTIONS . .........ccitiennntn
NS 775 ) 17 1 S R R R

N e 72 1 - B2 R I R R

Califormia T . v oo e ettt ettt teeeaonacosssasneanasaeesssoosoonnnas
CalifOrTEA 2 « e vttt eeeit e et e aaene e e s
Califormia 3 . oo vt ettt ittt ittt e aae et
CalifOrTa 6 - o v v v v et et e e ie i teesonaoeesnessnensnaeeeoassosnonnnns
CalifOrMIa 7 « o o ettt vt e i i neneesaressonososesenessanosennnnsensssns
CalifOrTEa 8 « & o o e e e vttt ie it et i esasasesaeaetanasaansaee s
FlOoTida 2 o o oo i e oot e e it ettt teaee s eses s
FlOriAa 3 & oo oot it ittt e teeesnanneaoennonssssnssossonnoacenns
Michigan 1 ... ..ot e
Michigan3d ... .. .ottt
Michigand ... ..ottt e
Michigan 5 ... ..ot
MINNESOtA 1 & ot i it it i e ettt enaaaaesacsnacsasnsseesnneansos
MINNESOA 2 .+ ot oot ve s et et saesaesseaonsesnsoneansaneessonenssns
MINNESOtA 3 & ot vt ettt ie et ittt saaeeeoanaenesnosassoesoseaneesnns
MINNESOA 4 .« ot i et it oottt tiisaeseeecanesesssenssonetsnonsassns
MINNESOA 5 o v v i ettt eet ittt e inaeaeceasesoaesnsneestenssanasnnas
MINNESOA 6 « v v i oo ettetenetsseaeasoaasesosassasaaosssssosssonans
NeW Jersey 2 .o voiiiniie et
New Jersey 3 o ivtiie et et
NEW YOTK 1 ittt it iti it asonseaeenensasossasssenssnnsas
New YOIK 2 o oo i ittt iieneseaeaasoosesnnsanacsssvsssannannons
North Carolina 1 . ..o v vttt ittt ecoe s nsonnossseanunnns e
NOorth Carolina 2 . .o vt ettt tiieteassonstosansonasosssseeanneanans
10237 1 T O R R
(0) 111+ 32 G R I
(0711012 1+ 1 (PP R

CONEATIO 2 ottt ettt i e e e e

Pennsylvania 1 .......cooiioiiiiiiniiiiiiiii i

BACKCALCULATION METHODOLOGY .........cciiititecieretennnn

DW=

INTRODUCTION .ottt ittt eiie e estaanoassansonenoaennsessnns
FUNDAMENTAL CONCEPTS . ... ..tiiiicetiiiiinttteneaceccnns
OUTLINE OF BACKCALCULATION PROCEDURE ....................
APPLICATION OF CLOSED-FORM BACKCALCULATION PROCEDURE ..
VARIABILITY AND RELIABILITY OF TESTING AND

xxviii

58

58
58
63



TABLE OF CONTENTS (continued)

VOLUME V__APPENDIX B - DATA COLLECTION AND
ANALYSIS PROCEDURES (continued)

Chapter Page
BACKCALCULATED VALUES ...ttt ettt e e, 65

Plate Theory . ... i i et 66

Deflection Measurement . .........co it un et i, 69

Finite Element Analysis ............ .. ... ... . ... ... 70

6. ADVANTAGES OF CLOSED-FORM BACKCALCULATION PROCEDURE .. 75

6 DATABASE DESCRIPTION ..ottt ettt et e e i, 77
7 REFERENCES . .. ittt it ettt e et e, 82
8 ANNOTATED BIBLIOGRAPHY . .. ..o oottt et e e e, 85
1. EXPERIMENTAL PROJECTS AND PAVEMENT PERFORMANCE ......... 85

2. SUBDRAINAGE ... . ittt e e e e, 102

3. LOAD TRANSEFER . ..ottt ittt et e e e it 109

4. JOINTS AND JOINT SEALING .. .....ooouumennnmmn e, 1

S. CONCRETE SHOULDERS ...ttt ittt et it 116

6. PAVEMENT DESIGN . ...ttt e i, 119

7. PAVEMENT ANALYSIS ...ttt e e e s i, 123

8. LIFE CYCLE COSTS ..ottt et et e e i, 125

9. WEIGH-IN-MOTION . ...ttt ettt e e e e i, 126

VOLUME VI _APPENDIX C AND APPENDIX D
APPENDIX C - SYNTHESIS OF CONCRETE PAVEMENT DESIGN
METHODS AND ANALYSIS MODELS

Chapter Page
PART 1. REVIEW OF SELECTED DESIGN AND ANALYSIS MODELS ............ 1
"L INTRODUCTION ..ottt et e e e e e e s, 1

2. EVALUATION OF THE ANALYSIS AND DESIGN MODELS ............ 1

3. CAPABILITIES AND LIMITATIONS OF ANALYSIS MODELS ........... 2

I LIS A .ottt e e 2
Capabilities . ... cv i e e 2

Limitations ... .ottt e e e, 3

JOL A 4
Capabilities - .o it e 4

LimitationS . ..ot e 4

WESLIQID . ... 5
Capabilities . . ...t e 5

LimitationS .. ..ottt e e e 5

WESLAYER ...t e e, 6
Capabilities - ..o vt e e e 6

Limitations . ...otii it e e e, 6



Chapter

TABLE OF CONTENTS (continued)

VOLUME VI APPENDIX C AND APPENDIX D

APPENDIX C - SYNTHESIS OF CONCRETE PAVEMENT DESIGN

METHODS AND ANALYSIS MODELS (continued)

PMARP .....

Capabilities
Limitations

RISC ......

Capabilities
Limitations

H51 ......

Capabilities
Limitations

CMS ......

Capabilities
Limitations

..................................................

..................................................

..................................................

..................................................

..................................................

..................................................

..................................................

..................................................

..................................................

..................................................

..................................................

..................................................

Liu-Lytton Drainage Models . ...... e teaeea it

Capabilities
Limitations

JRCP4 ......

Capabilities
Limitations

..................................................

..................................................

..................................................

..................................................

..................................................

CAPABILITIES AND LIMITATIONS OF DESIGN AND
PREDICTION MODELS ... ......tttttiienannnnnoencanunansoesesss

PREDICT ....

Capabilities
Limitations
PEARDARP ..
Capabilities
Limitations
JCP-1 e
Capabilities
Limitations
DNPS86 .....
Capabilities
Limitations
RPS-3 .
Capabilities
Limitations

..................................................

..................................................

..................................................

..................................................

..................................................

..................................................

..................................................

..................................................

..................................................

..................................................

..................................................

..................................................

..................................................

..................................................

..................................................

PCA DesignProcedure . ........ oottt eeeenneneennn.

Capabilities
Limitations
California Rigid
Capabilities
Limitations
BERM ...
Capabilities
Limitations

..................................................

.......

Pavement Design Procedure .............. ..ot

e s s 4 8 s s s s e s e e s B e s e B s e e e 6 s e s e e e s e e e

..................................................

..................................................

..................................................

..................................................

..................................................

ICS‘I .....................................................

J
I
OO NN

10

10
11
1
11
12
12
13
13
14
14
14

15
15
15
16
16
16
17
17
17
18
19
19
19
20
20
21
22
22
22
23
23
23
24
24
25
25



TABLE OF CONTENTS (continued)

VOLUME VI APPENDIX C AND APPENDIX D

APPENDIX C - SYNTHESIS OF CONCRETE PAVEMENT DESIGN
METHODS AND ANALYSIS MODELS (continued)

Chapter

Capabilities . .. ...ttt e
Limitations . .. ..cvvitntiit i i e

Structural Analysis Models . ...........uviiiiiiint ...
Drainage/Climatic AnalysisModels ......................coouuuno....
Pavement Design Methods ................. ...,
6. RECOMMENDATIONS ........iiiiiiiiinnniiniininenennnnnnnnnns
Structural Analysis Model . ...........coutiiiiiiiiiiiii e,
Prediction Models . ............... ettt e
Drainage/ClimaticModel ............ ... .. o,
DesignMethod .......... .. . i i

PARTII. STANDARD PAVEMENT SECTION AND VARIABLES UNDER
CONSIDERATION ......iiiiiiitiiiiinnnnnnrenennnnnnnnnns

PARTIII. SUMMARY OF INPUT AND OUTPUT VARIABLES ....................

PART IV. RESULTS OF SENSITIVITY ANALYSIS . ........voveeeeennnnnnnnnn..

APPENDIX D - SUMMARY OF ANALYSIS DATA FOR THE
EVALUATION OF PREDICTIVE MODELS

Chapter

xxxi

5 B

26
26
27
27

28
28

32

51

79



Figure

W ONDA BN

kb gk ok ek ek ek ek
PN RN~ O

—
he

20.
21.

22.

23.

24.

25.

26.

27.

28.

29.

30.
31

32.

33.

LIST OF FIGURES

VOLUME I EVALUATION OF CONCRETE PAVEMENT
PERFORMANCE AND DESIGN FEATURES

Title

States and Provinces participating instudy ........... .. i
Experimental design matrix for Minnesota 1 .............coooveveiinnnnn
Experimental design matrix for Minnesota 2 . ........ ...
Experimental design matrix for Arizonal ........... .
Experimental design matrix for California1 ........ ..o
Experimental design matrix for California2 . .......... ...t
Experimental design matrix for Michigan1 ........... ..oty
Experimental design matrix for Michigan4 ........... ...
Experimental design matrix for New York1 ....... ...
Experimental design matrix for New York2 .............coivninnnnnenn.
Experimental design matrix forOhio 1 ......... ... innn
Experimental design matrix for Ohio 2 . ........ ..o
Experimental design matrix forOntario 1. .......... oot
Experimental design matrix for Pennsylvanial ......... ..ot
Experimental design matrix for New Jersey 3 .........coo i
Experimental design matrix for California3 ........ ...
Experimental design matrix for North Carolinal ..............ccoovennnnn

Outer lane performance data for Minnesota 1 (Age = 17 years,

ESAL's =55 million) . ....ccvtiniiiiritienernnnnnacceccacotoosannanns

Outer lane performance data for Minnesota 2 (Age = 10 years,

ESAL's =28 million) . ... cuuuuriiiieiei it
Outer lane performance data for Arizonal .............ooiiiiiiennnen

OQuter lane performance data for California 1 (Age = 16 years,

ESAL/'s = 76 MilHON) . ..o ittt i it ettt eian e

Outer lane performance data for California 2 (Age = 7 years,

ESAL’'S =44 MillION) . vt v ittt it ittt ettt e et es it cieneane e

Outer lane performance data for Michigan 1 (Age = 12 years,

ESAL’S = 0.89 MUIION) .+ oottt ittt it i it te i staeeirearaananaanes

Outer lane performance data for Michigan 4 (Age = 17 years,

ESAL's =44 million) . ... ottt

Outer lane performance data for New York 1 (Age = 19 years,

ESAL'S = 3.1 MillHON) - ottt ittt ittt teeae s saneenaenaaenaannessons

Outer lane performance data for New York 2 (Age = 12 years,

ESAL’'Ss = 14 MIllION) .o vttt ittt ittt it ettt ittt eanaaaanaoenns

Outer lane performance data for Ohio 1 (Age = 14 years,

ESAL's =34 million) .......cotiiuiiniiiiiii ittt

Outer lane performance data for Ohio 2 (Age = 13 years,

ESAL's =33 million) .....covnntiiniiiiiiiii it

Performance data by direction for Ontario 1 (Age = 5 years,

ESAL's =1.0million) .......coiiiininirii it
Outer lane performance data for Pennsylvanial ...............covvvnnnnn.

Outer lane performance data for New Jersey 3 (Age = 8 years,

ESAL's =42 million) ... ...ttt it

Outer lane performance data for California 3 (Age = 12 years,

ESAL’'S = 3.6 MIllION) . .o oot ittt it it i teeenaeeiiisennenanaaooansonsnn

Outer lane performance data for North Carolina 1 (Age = 20 years,

ESAL'S 9.1 UIHON) . . v oot ettt i i it e e e e ittaieenaennnansosananannns

33
39

43

47

53

58

67

71

74

83

87

91

95



Figure

1.
2.
3

ok

16.
17.
18.
19.
20.
21.
22.

23.
24.

LIST OF FIGURES (continued)

VOLUME I EVALUATION OF CONCRETE PAVEMENT
PERFORMANCE AND DESIGN FEATURES (continued)

Title

Percent cracked slabs vs. L/1 for California 1 (Tracy) sections ...................
Percent cracked slabs vs. L/1 for all sections with cement-treated and
lean cOnCrete bases . .. ......ouuiiv it

VOLUME II _EVALUATION AND MODIFICATION OF CONCRETE

PAVEMENT DESIGN AND ANALYSIS MODELS

Title

Distribution of base type by environmental region ..........................
Distribution of slab thickness by environmental region .......................
Distribution of joint spacing and pavement type by environmental region

(P=JPCP, R=JRCP) ... oo e et
Distribution of load transfer method by environmental region .................
Distribution of shoulder type by environmental region .......................
Scattergram of actual field-measured faulting versus faulting as

predicted using the COPES faulting models for the dry-freeze

TOZIOM ..
Experimental design matrix for Minnesota 1 ...............................
Experimental design matrix for California 1 ....................cccun......
Experimental design matrix for Michigan 1 ................................
Experimental design matrix for North Carolina1 ........ IO
Use of CMS in the design process . ..........oouuuiiiieiiinnnennnnnn...
Temperature profile versus depth through the slab on July 15,

1987, Rothsay, Minnesota ..............ccouiiiiiiiiiiiinnennnn..,
Change in 6 a.m. thermal gradient in June 1987, Rothsay, Minnesota ............
Change in 3 p.m. thermal gradient in June 1987, Rothsay, Minnesota ............
Temperature profile versus depth through the slab on July 15,

1987, Tracy, California . .. ... .. o i i i i
Change in 6 a.m. thermal gradient from January through June 1987,

Tracy, California ......... ... . . . .
Change in 6 a.m. thermal gradient from July through December 1987,

Tracy, California ......... ... . .. . .
Change in 3 p.m. thermal gradient from January through June 1987,

Tracy, California .......... ... . . . i
Change in 3 p.m. thermal gradient from July through December 1987,

Tracy, California ......... ... ... i i e
Temperature profile versus depth through the slab on July 15, 1987,

Clare, Michigan . .......... ... . i,
Change in 6 a.m. thermal gradient in April 1987, Clare, Michigan . ..............
Change in 3 p.m. thermal gradient in April 1987, Clare, Michigan ..............
Change in 6 a.m. thermal gradient in June 1987, Clare, Michigan ...............
Change in 3 p.m. thermal gradient in June 1987, Clare, Michigan ...............

xxx1ii



Figure

25.
26.
27.
- 28.
29.
30.

31

32.
33.
34.

35.
36.
37.
38.

39.
40.

41.

4.
43.
44,

45,
46.
47.
48.

49.

50.
51.
52.
53.
54.

55.

56.
57.
58.
59.
60.

LIST OF FIGURES (continued)

VOLUME Il EVALUATION AND MODIFICATION OF CONCRETE

PAVEMENT DESIGN AND ANALYSIS MODELS (continued)

Title

Change in 6 a.m. thermal gradient in August 1987, Clare, Michigan .............
Change in 3 p.m. thermal gradient in August 1987, Clare, Michigan . ............
Change in 6 a.m. thermal gradient in December 1987, Clare Michigan ...........
Change in 3 p.m. thermal gradient in December 1987, Clare Michigan ...........
Frostline versus depth in January, 1987, Clare, Michigan . ............ ..ot
Temperature profile versus depth through the slab on July 15, 1987,

_Rocky Mount, North Caroling . .........coeornvninniiiiiniitrreeen s
“Change in 6 a.m. thermal gradient in July 1987, Rocky Mount,

JA[s) 33 O] o) 1 1 - R T R R R R
Change in 3 p.m. thermal gradient in April 1987, Clare, Michigan ..............
Percent drainage versus time for MN 1-1, MN15andMN19 ................
Percent saturation versus base course modulus for MN 1-1, MN 1-2,

MN13,and MN 14 ................ N e e ettt e
Percent saturation versus subgrade modulus for MN 1-1, MN 1-2,

MN13,and MN 144 . ..ot i ittt iiie e eannaceoeoeescnnnsnsnsannenns
Percent drainage versus time for CA1-1,CA1-7,andCA1-9.............ottt
Percent saturation versus subbase modulus for CA 1-1,CA1-7,and CA19 .......
Percent saturation versus subgrade modulus for CA 1-1, CA1-7,andCA19......
Percent drainage versus time for MI 1-1a, MI 1-4a, and MI1-10b ...............
Percent saturation versus base or subbase modulus for MI 1-1a, MI 1-10a,

N v .Y, 1 O 5 11 - R R
Percent saturation versus subgrade modulus for MI 1-1a, MI 14a,

E N1y 0. 1 25 1) - O R R
Percent drainage versus time for NC1-1,NC1-2,and NC1-7 ......... e
Percent saturation versus base modulus for NC 1-1, NC 1-7,and NC1-8 .........
Percent saturation versus subgrade modulus for NC1-1,NC1-7,and NC1-8 .....
Example finite element mesh for the edge loading condition . ..................
FWD sensor location at the approachjoint .............coiiiiniieeennnnnn
Measured deflection basin and calculated deflection basin from void analysis .....
Finite element mesh for a 15-ft (4.6 m) slab used in the PMARP evaluation

of the corner loading condition . ..........ooiiiiiiiiiiiiiiiiiiiiii
Original zero-maintenance fatigue damage curve supplemented with projects from
CUITENE SEUAY « « o o v viee ittt e tiseecoes sttt cannnns
Predicted versus actual faulting for doweled joint faulting model ...............
Sensitivity of doweled joint faulting model to dowel diameter .................
Sensitivity of doweled joint faulting model to drainage and shoulder type . .......
Predicted versus actual faulting for nondoweled joint faulting model ............
Sensitivity of doweled and nondoweled faulting models to drainage and

shoulder type ......cooeviiriet it
Relation between deflection load transfer efficiency and stress load

transfer efficiency . .......iiii i
Percent slabs cracked versus accumulated fatigue damage ....................
Sensitivity of cracking model to shoulder type ..............cooiiiiiiiiann
Sensitivity of cracking model to joint spacing .......... ..o it
Sensitivity of cracking model to slab thickness .............cccoiiiiiiii.
Sensitivity of JPCP joint spalling model to sealant type . ............cooovenn..

XXXiv

111



Figure Title Page
61.  Sensitivity of JRCP joint spalling model to climate .......................... 204
62.  Sensitivity of JRCP joint spalling model to sealanttype . ...................... 206

VOLUME III SUMMARY OF RESEARCH FINDINGS

Figure Title Page

1. States participatinginstudy ............. .. .. . i i il 4
2. Distribution of base type by climaticregion ............................... 11
3. Distribution of slab thickness by climaticregion ............................ 13
4. Distribution of joint spacing/pavement type by climatic region ................ 14
5. Distribution of load transfer mechanism by climaticregion .................... 15
6. Distribution of shoulder type (and widened lanes) by climatic region ............ 16
7. Percent slab cracking as a function of L/I for sections with aggregate bases ....... 25
8. Percent slab cracking as a function of L/! for sections with LCB and CTB bases .... 25
9. Sensitivity of doweled faulting model to dowel diameter ..................... 58

10. Sensitivity of doweled faulting model to drainage and shoulder type ............ 58

11. Sensitivity of faulting models to dowels, drainage, and shoulder type ........... 59

12 Percent slab cracking as a function of accumulated fatigue damage ............. 59

13. Sensitivity of JPCP cracking model to shoulder type ......................... 63

14. Sensitivity of JPCP cracking model to joint spacing . ............cooveeenn. ... 63

15. Sensitivity of JPCP cracking model to slab thickness ................. e 64

16. Sensitivity of JPCP spalling model to joint sealanttype . ...................... 64

17. Sensitivity of JPCP spalling model toclimate ........................o..... 66

18. Sensitivity of JRCP spalling model to joint sealanttype . ...................... 66

VOLUME IV APPENDIX A - PROJECT SUMMARY REPORTS AND
SUMMARY TABLES
Figure Title Page
1. Outer lane performance data for Minnesota1 .............. .. .oooiiiiia..., 4
2.  Inner lane performance data for Minnesota1 ............... .. ..oiieiinnn.. 5
3. Outer and inner lane performance data for Minnesota2 ...................... 16
4.  Outer lane performance data for Arizona1l ............ccoiiiiiieinineenn.. 32
5. Inner lane performance data for Arizonal ................. .. ciivuienn... 33
6.  Outer lane performance data for California1 ....................covvun.... 45
7.  Inner lane performance data for California1 ................. ... ..o oL, 46
8.  Outer and middle lane performance data for California2 ..................... 55
9.  Outer lane performance data for Michigan1 ............................... 70
10.  Inner lane performance data for Michigan1 ................ ... ... ... ..., 71
11.  Outer and inner lane performance data for Michigan4 ....................... 85
12.  Outer lane performance data for New York 1 ................c.oviveienn.. 97

LIST OF FIGURES (continued)

VOLUME II _EVALUATION AND MODIFICATION OF CONCRETE

PAVEMENT DESIGN AND ANALYSIS MODELS (continued)

XXXV



LIST OF FIGURES (continued)

VOLUME IV__APPENDIX A - PROJECT SUMMARY REPORTS AND

SUMMARY TABLES (continued)

Figure Title

13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.

t%‘!
3

WONRNA RN

16.
17.
18.
19.
20.

21.
22.

Inner lane performance data for New York 1 ..........c..ccoiiuniinnnnntn
Outer lane performance data for New York2 .............cocvvnniiinnnnnn.
Inner lane performance data for New York 2 ...........c.ooocvveiiinnnnnn.
Outer lane performance data for Ohio 1 ....... ..ot et
Inner lane performance datafor Ohio 1..........ooveievinnniinnnnn..
Outer and inner lane performance data for Ohio 2 ..............cccnnvinnnnnn
Performance data by directionforOntario 1 .......... ...ty
Outer lane performance data for Pennsylvanial .............covvvvnniinnn
Inner lane performance data for Pennsylvanial ........... ..o
Outer and middle lane performance data for New Jersey 3 . ............c..nen
Outer lane performance data for California3 ............c.coeveniiiiiennnn
Inner lane performance data for California 3 . ...t
Outer lane performance data for North Carolinal .............ccvveniennnn
Inner lane performance data for North Carolina 1 ..............cvvinnnnnn

VOLUME V__APPENDIX B - DATA COLLECTION AND
ANALYSIS PROCEDURES

Title

General field survey sheet . ....... ...t
Drainage field survey sheet . ........ ... it
Field data collection fOrm . .......ooitiitinn ettt enenennnenns
Project photographicrecord . .. ... .o oiiiiiii i
Layout for FWD testing of projects with AC shoulders ...............oouvvnnn
Layout for FWD testing of projects with PCC shoulders .................o0nnes
Layout for FWD testing of projects with widened lanes ................coonne
Raw data file from the Dynatest model 8000 ........... ...
Sample raw output from Mays Roughness Meter ................coovonvnnnn
Climatic zones for AASHTO and FHWA procedures ...............c..coovntn
Plot of monthly rainfall and potential evapotranspiration for Clare, Michigan . . .. ..
Procedure to combine drainabilities of base and subgrade ....................
Variation in deflection basin AREA with radius of relative stiffness .............
Variation in dimensionless deflections with radius of relative stiffness for

the dense liquid foundation . .. ... ... ot i
Variation in dimensionless deflections with radius of relative stiffness for

the elastic solid foundation . ............o ittt it
Defléction basin as measured by the FWD and as calculated using the

closed-form procedure . .. ... ...ttt e
Deflection basin as measured by the FWD and as calculated using the

closed-form procedure . .. ...ttt i i
Deflection basin as measured by the FWD and as calculated using the

closed-form procedure . . . ... ootetiiiit i e
Eh**3 versus kI**4 for all Phase I'sections ........... ..o,
Main UNIFY database Menu . ... .......cuunitinrentneiireneaneaneancnnns
Inventory database Menu . ............coiiiiiiiiiiiitiiiiiiiiiiia
Monitoring database Menu . ........ ... il



Figure

10.
1.
12.
13.
14.
15.
16.

19.

20.

21.

LIST OF FIGURES (continued)

VOLUME VI APPENDIX C AND APPENDIX D

APPENDIX C - SYNTHESIS OF CONCRETE PAVEMENT DESIGN
METHODS AND ANALYSIS MODELS

Title Page
Assumed standard pavement section ............ ... ... iiiiiiiiia, 33
ILLISLAB and JSLAB finite element mesh for standard pavement section

analysis . . ... . i e e e 38
ILLISLAB and JSLAB finite element mesh for 10-ft joint spacing

analysis . ... ... i i e 39
ILLISLAB and JSLAB finite element mesh for 20-ft joint spacing

ANALYSIS & . ottt 40
ILLISLAB and JSLAB finite element mesh for widened lane analysis ............. 41
WESLIQID and WESLAYER finite element mesh for standard pavement

analysis using a four-slabsystem . ......... .. ... . i il 42
WESLIQID and WESLAYER finite element mesh for standard pavement

analysis using atwo-slabsystem . ......... ... ... . i it 43
WESLIQID and WESLAYER finite element mesh for 10-ft joint spacing

ANALYSIS . vt i i i i ittt i 44
WESLIQID and WESLAYER finite element mesh for 20-ft joint spacing

ANAlYSIS . .. i e it et e e e 45
WESLIQID and WESLAYER finite element mesh for widened lane analysis ........ 46
PMAREP finite element mesh for standard pavement section .................... 47
PMARRP finite element mesh for widened lane analysis . . ........... .. ... ... 48
PMARRP finite element mesh for 20-ft joint spacing analysis .................... 49
Wheel configuration used for H-51 analysis .............. ... .. oo, 50
Temperature gradient as measured by CMS ......... ... ... . o il 93

Climatic zones based on Thornthwaite potential evapotranspiration
and moisture index and their interaction with performance, with similar
performance expected in similar climaticregions 5) ............ ... ... Ll 98

APPENDIX D - SUMMARY OF ANALYSIS DATA FOR THE
EVALUATION OF PREDICTIVE MODELS

Title Page
Actual ESAL'’s (based on ADT) versus ESAL’s as predicted using the
AASHTO design equation for all Phase I'sections ................ ... ohon.. 119
Actual ESAL’s (based on ADT) versus ESAL’s as predicted using the
AASHTO design equation for the dry-freezeregion ............... .. ..ot 122
Actual ESAL'’s (based on ADT) versus ESAL’s as predicted using the
AASHTO design equation for the dry-nonfreeze region ................ ... .. 122
Actual ESAL’s (based on. ADT) versus ESAL’s as predicted using the
AASHTO design equation for the wet-freezeregion ............. .. ... coout. 126
Actual ESAL'’s (based on ADT) versus ESAL’s as predicted using the
AASHTO design equation for the wet-nonfreeze region ...................... 126

XXX Vil



Figure

22.

24,
25.
26.
27.
28.
29.
30.
31.
32.

33.

- 35.

37.

39.

40.

41.

LIST OF FIGURES (continued)

VOLUME VI APPENDIX C AND APPENDIX D

APPENDIX D - SUMMARY OF ANALYSIS DATA FOR THE
EVALUATION OF PREDICTIVE MODELS (continued)

Title Page
Actual PSR as determined by a panel of users versus PSI as predicted

by the PEARDARP PSI model for all Phase I'sections ................vnetnnnn 130
Actual PSR as determined by a panel of users versus PSI as predicted

by the PEARDARP PSI model for the dry-freezeregion ...................... 133
Actual PSR as determined by a panel of users versus PSI as predicted

by the PEARDARP PSI model for the dry-nonfreeze region ................... 133
Actual PSR as determined by a panel of users versus PSI as predicted

by the PEARDARP PSI model for the wet-freeze region ............... e 137
Actual PSR as determined by a panel of users versus PSI as predicted

by the PEARDARP PSI model for the wet-nonfreezeregion ................... 137
Actual field measured roughness versus roughness as predicted using

the PEARDARP roughness model for all Phase I sections ..................... 141
Actual field measured roughness versus roughness as predicted using

the PEARDARP roughness model for the dry-freezeregion ................... 144
Actual field measured roughness versus roughness as predicted using

the PEARDARP roughness model for the dry-nonfreeze region ................ 144
Actual field measured roughness versus roughness as predicted using

the PEARDARP roughness model for the wet-freezeregion ................... 148
Actual field measured roughness versus roughness as predicted using

the PEARDARP roughness model for the wet-nonfreeze region ................ 148
Actual field measured spalling versus spalling as predicted using

the PEARDARP spalling model for all Phase I sections . ..................onen 155
Actual field measured spalling versus spalling as predicted using

the PEARDARP spalling model for the dry-freeze region ..................... 158
Actual field measured spalling versus spalling as predicted using

the PEARDARRP spalling model for the dry-nonfreeze region .................. 158
Actual field measured spalling versus spalling as predicted using

the PEARDARR spalling model for the wet-freeze region . .................... 162
Actual field measured spalling versus spalling as predicted using

the PEARDARP spalling model for the wet-nonfreeze region .................. 162
Actual field measured faulting versus faulting as predicted using

the PEARDARP faulting models for all Phase I'sections ...................... 166
Actual field measured faulting versus faulting as predicted using

the PEARDARP faulting models for the dry-freezeregion ..................... 168
Actual field measured faulting versus faulting as predicted using

the PEARDARP faulting models for doweled pavements for the

dry-freeze region . .. ... oot e 171
Actual field measured faulting versus faulting as predicted using

the PEARDARP faulting models for nondoweled pavements for the

Ary-freeZe TeZION . . o . vttt i e 171
Actual field measured faulting versus faulting as predicted using
the PEARDARP faulting models for the dry-nonfreezeregion . .................. 173

xxxviii



45.

47.

49.

51.

52.

53.

55.

57.

59.

61.

LIST OF FIGURES (continued)

VOLUME VI _APPENDIX C AND APPENDIX D

APPENDIX D - SUMMARY OF ANALYSIS DATA FOR THE
EVALUATION OF PREDICTIVE MODELS (continued)

Title Page
Actual field measured faulting versus faulting as predicted using

the PEARDARP faulting models for the wet-freezeregion .................... 176
Actual field measured faulting versus faulting as predicted using

the PEARDARP faulting models for doweled pavements for the

wet-freeze region . . . ... ... L i e it ee e, 179
Actual field measured faulting versus faulting as predicted using

the PEARDARP faulting models for nondoweled pavements for the

wet-freezeregion . ............ ... . oL, ettt 179
Actual field measured faulting versus faulting as predicted using
the PEARDARP faulting models for the wet-nonfreeze region ................. 181

Actual field measured faulting versus faulting as predicted using

the PEARDARP faulting models for doweled pavements for the

Wet-NONfreeze region . .. ... ... i i i it ittt e e e, 184
Actual field measured faulting versus faulting as predicted using :
the PEARDARP faulting models for nondoweled pavements for the

Wet-NONfreeZe region . ... ... i ittt i it it i e et 184
Actual field measured cracking versus cracking as predicted using
the PEARDARP cracking models for all Phase Isections . ............co0uunn.. 188
Actual field measured cracking versus cracking as predicted using
the PEARDARP cracking model for the dry-freezeregion ..................... 191
Actual field measured cracking versus cracking as predicted using
the PEARDARP cracking model for the dry-nonfreeze region .................. 191
Actual field measured cracking versus cracking as predicted using '
the PEARDARP cracking model for the wet-freezeregion . .................... 195
Actual field measured cracking versus cracking as predicted using :
the PEARDARP cracking model for the wet-nonfreezeregion .................. 195
Actual field observed pumping versus pumping as predicted using
COPES pumping models for all Phase I'sections ..................ccvunen... 199
Actual field observed pumping versus pumping as predicted using
COPES pumping models for the dry-freezeregion .......................... 201
Actual field observed pumping versus pumping as predicted using
COPES JPCP pumping model for the dry-freezeregion....................... 204
Actual field observed pumping versus pumping as predicted using
COPES JRCP pumping model for the dry-freezeregion ...................... 204
Actual field observed pumping versus pumping as predicted using
COPES pumping model for the dry-nonfreezeregion ........................ 206
Actual field observed pumping versus pumping as predicted using

- COPES pumping model for the wet-freezeregion ...........cooiiiiiiiunn... 209
Actual field observed pumping versus pumping as predicted using
COPES JPCP pumping model for the wet-freezeregion ...................... 212
Actual field observed pumping versus pumping as predicted using
COPES JRCP pumping model for the wet-freezeregion ...................... 212
Actual field observed pumping versus pumping as predicted using
COPES pumping model for the wet-nonfreezeregion .................ooenu.. 214

_ XXX1X



67.

69.

70.

71.

72.

73.

74.

75.

76.

78.

LIST OF FIGURES (continued)

VOLUME VI _APPENDIX C AND APPENDIX D

APPENDIX D - SUMMARY OF ANALYSIS DATA FOR THE
EVALUATION OF PREDICTIVE MODELS (continued)

Title Page
Actual field measured faulting versus faulting as predicted using

the COPES faulting models for all Phase I sections .............coovvnenennnn 218
Actual field measured faulting versus faulting as predicted using

the COPES faulting models for the dry-freeze region ..............ooovvinnn 220
Actual field measured faulting versus faulting as predicted using

the COPES JPCP faulting model for the dry-freeze region ...............onnnn 223
Actual field measured faulting versus faulting as predicted using

the COPES JRCP faulting model for the dry-freezeregion . .............ovennnn 223
Actual field measured faulting versus faulting as predicted using

the COPES faulting models for the dry-nonfreeze region ..................... 225
Actual field measured faulting versus faulting as predicted using

the COPES faulting models for the wet-freeze region ...............covven.n.. 228
Actual field measured faulting versus faulting as predicted using

the COPES JPCP faulting model for the wet-freeze region . ...............vnn. 231
Actual field measured faulting versus faulting as predicted using

the COPES JRCP faulting model for the wet-freezeregion .................... 231
Actual field measured faulting versus faulting as predicted using

the COPES faulting models for the wet-nonfreeze region ..............oo..0en 233
Actual field measured spalling versus joint deterioration (spalling)

as predicted using the COPES spalling models for all Phase I sections ........... 237

Actual field measured spalling versus joint deterioration (spalling)

as predicted using the COPES spalling models for the

Ary-freeze TEZIOM . . . ..ottt vttt 239
Actual field measured spalling versus joint deterioration (spalling)

as predicted using the COPES JPCP joint deterioration model for the

dry-freeze TeGION . .. oottt 242
Actual field measured spalling versus joint deterioration (spalling)

as predicted using the COPES JRCP joint deterioration model for the

Ary-freeze TeION . .. oot 242
Actual field measured spalling versus joint deterioration (spalling)

as predicted using the COPES spalling models for the dry-nonfreeze

=+ (0] | S L LR R R R 244
Actual field measured spalling versus joint deterioration (spalling)

as predicted using the COPES spalling models for the wet-freeze

- 15) | R R R R R R R 247
Actual field measured spalling versus joint deterioration (spalling)

as predicted using the COPES JPCP joint deterioration model for the

Wet-fTeeZe TeIOM . . . . .ottt 250
Actual field measured spalling versus joint deterioration (spalling)

as predicted using the COPES JRCP joint deterioration model for the

Wet-fTEeZe TEGIOM . . . vt vt iiee ittt e 250

x1



80.

81.

82.

83.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

LIST OF FIGURES (continued)

VOLUME VI APPENDIX C AND APPENDIX D

APPENDIX D - SUMMARY OF ANALYSIS DATA FOR THE
EVALUATION OF PREDICTIVE MODELS (continued)

Title Page

Actual field measured spalling versus joint deterioration (spalling)
as predicted using the COPES spalling models for the wet-nonfreeze

=74 10 4 N 252
Actual field measured cracking versus cracking as predicted by the

COPES cracking models for all Phase I'sections .............c.ccovvennann .. 256
Actual field measured cracking versus cracking as predicted by the

COPES cracking models for the dry-freezeregion ........................... 258
Actual field measured cracking versus cracking as predicted by the

COPES JPCP cracking model for the dry-freezeregion ....................... 261
Actual field measured cracking versus cracking as predicted by the

COPES JRCP cracking model for the dry-freezeregion ....................... 261
Actual field measured cracking versus cracking as predicted by the

COPES cracking models for the dry-nonfreezeregion ........................ 263
Actual field measured cracking versus cracking as predicted by the

COPES cracking models for the wet-freezeregion . .......................... 266
Actual field measured cracking versus cracking as predicted by the

COPES JPCP cracking models for the wet-freezeregion ...................... 269
Actua! field measured cracking versus cracking as predicted by the

COPES JRCP cracking models for the wet-freeze region . ..................... 269
Actual field measured cracking versus cracking as predicted by the

COPES cracking models for the wet-nonfreezeregion ........................ 271
Actual PSR as determined by a panel of users versus PSR as predicted by

the COPES PSR models for all Phase I'sections . ........... ... ..., 275
Actual PSR as determined by a panel of users versus PSR as predicted by

the COPES PSR models for the dry-freezeregion ........................... 277
Actual PSR as determined by a panel of users versus PSR as predicted by

the COPES JPCP PSR model for the dry-freezeregion . ....................... 280
Actual PSR as determined by a panel of users versus PSR as predicted by v
the COPES JRCP PSR model for the dry-freezeregion ....................... 280
Actual PSR as determined by a panel of users versus PSR as predicted by

the COPES PSR models for the dry-nonfreeze region ........................ 282
Actual PSR as determined by a panel of users versus PSR as predicted by

the COPES PSR models for the wet-freezeregion ............... ... ... 285
Actual PSR as determined by a panel of users versus PSR as predicted by

the COPES JPCP PSR model for the wet-freeze region ....................... 288
Actual PSR as determined by a panel of users versus PSR as predicted by

the COPES JRCP PSR model for the wet-freeze region ....................... 288
Actual PSR as determined by a panel of users versus PSR as predicted by

the COPES PSR models for the wet-nonfreeze region ........................ 290
Actual field measured faulting versus faulting as predicted using the

PFAULT models for all Phase I sections .............coiviiiiiieninn.... 294
Actual field measured faulting versus faulting as predicted using the

PFAULT models for the dry-freezeregion . ........... ... ...iiiiiun... 296

x1i



Figure
100.
101.
102.
103.
104.
105.
106.
107.

108.

LIST OF FIGURES (continued)

VOLUME VI APPENDIX C AND APPENDIX D

A_PPENDIX D - SUMMARY OF ANALYSIS DATA FOR THE
EVALUATION OF PREDICTIVE MODELS (continued)

Title

Actual field measured faulting versus faulting as predicted using the

PFAULT models for doweled pavements for the dry-freeze region ..............
Actual field measured faulting versus faulting as predicted using the

PFAULT models for nondoweled pavements for the dry-freeze region ...........
Actual field measured faulting versus faulting as predicted using the

PFAULT models for the dry-nonfreezeregion ................ciieinan.,
Actual field measured faulting versus faulting as predicted using the

PFAULT models for the wet-freezeregion ...........coviiiuiiinnneennnnn.
Actual field measured faulting versus faulting as predicted using the

PFAULT models for doweled pavements for the wet-freeze region ..............
Actual field measured faulting versus faulting as predicted using the

PFAULT models for nondoweled pavements for the wet-freeze region ...........
Actual field measured faulting versus faulting as predicted using the :
PFAULT models for the wet-nonfreezeregion . ..ot
Actual field measured faulting versus faulting as predicted using the

PFAULT models for doweled pavements for the wet-nonfreeze region ...........
Actual field measured faulting versus faulting as predicted using the

PFAULT models for nondoweled pavements for the wet-nonfreeze

=72 10 | R

xlit



Table

NN W=

*®

10.
11.
12.
13.
14.

15.
16.
17.
18.
19.

20.

21.

22.
23.
24.

25.
26.
27.
28.

29.
30.
31.
32.
33.

35.
36.
37.

LIST OF TABLES

VOLUME I _EVALUATION OF CONCRETE PAVEMENT
PERFORMANCE AND DESIGN FEATURES

Title

Listing of critical distress values by pavementtype ..........................
Slab modulus and composite k-values for Minnesota1 . ......................
Deflection testing results and drainage coefficients for Minnesota1 .............
Slab modulus and composite k-values for Minnesota 2 .......................
Deflection testing results and drainage coefficients for Minnesota2 .............
Longitudinal lane-shoulder joint load transfer efficiency for Minnesota2 .........
Design and performance data for the outer lane of Minnesota 3 (Age = 1 year,
ESAL's =15million) .......ooot o i i i it ee
Design and performance data for the outer lane of Minnesota 4 (Age = 1 year,
ESAL's =022 million) . .. ..vitntt ittt i ittt
Design and performance data for the outer lane of Minnesota 6 (Age = 4 years,
ESAL's =085 million) . .......oonii i e i
Traffic information for Arizona 1 ............ ... ittt ininennnns
Slab modulus and composite k-values for Arizona1l .........................
Deflection testing results and drainage coefficients for Arizonal ...............
Longitudinal lane-shoulder joint load transfer efficiency for Arizonal ...........
Design and performance data for the outer lane of Arizona 2 (Age = 4 years,

ESAL's =1.6million) ... ... ..o i e
Slab modulus and composite k-values for Californial .......................
Deflection testing results and drainage coefficients for Californial ..............
Slab modulus and composite k-values for California2 .......................
Deflection testing results and drainage coefficients for California2 ..............
Design and performance data for the outer lane of California 6 (Age = 7 years,
ESAL's=44million) . ...... .. ittt ittt
Design and performance data for the outer lane of California 7 (Age = 8 years,
ESAL's =105million) ............. ... ... i, P
Design and performance data for the outer lane of California 8 (Age = 4 years,
ESAL's=53million) ...... ..o i i e
Slab modulus and composite k-values for Michigan1 ........................
Deflection testing results and drainage coefficients for Michigan1 ..............
Design and performance data for the outer lane of Michigan 3 (Age =1 year,
ESAL's =28 million) ................ ettt ettt e e i,
Slab modulus and composite k-values for Michigan4 ........................
Deflection testing results and drainage coefficients for Michigan4 ..............
Longitudinal lane-shoulder joint load transfer efficiency for Michigan4 ..........
Design and performance data for the outer lane of Michigan 5 (Age = 3 years,
ESAL's=31million) ....... ... i i it
Slab modulus and composite k-values for New York 1 .......................
Deflection testing results and drainage coefficients for New York 1 .............
Slab modulus and composite k-values for New York 2 ................... ...
Deflection testing results and drainage coefficients for New York 2 .............
Longitudinal lane-shoulder joint load transfer efficiency for New York 2 .........
Slab modulus and composite k-values forOhio 1 ...........................
Deflection testing results and drainage coefficients for Ohio1 ..................
Deflection testing results and drainage coefficients forOntario 1................
Design and performance data for the outer lane of Ontario 2 (Age = 16 years,
ESAL's=36million) ....... ... . i



Table

38.
39.
40.
41.

42.
43.
44.
45.
46.
47.
48.
49.
50.
51.
52.
53.
54.
55.

56.
57.

58.
59.

60.
61.

62.

65.

67.

LIST OF TABLES (continued)

VOLUME I _EVALUATION OF CONCRETE PAVEMENT
PERFORMANCE AND DESIGN FEATURES (continued)

Title

Traffic information for Pennsylvanial .......... ..o
Slab modulus and composite k-values for Pennsylvanial .....................
Deflection testing results and drainage coefficients for Pennsylvania1 ...........
Design and performance data for the outer lane of New Jersey 2 (Age = 36 years,
ESAL'S =35 million) ... oo ot iiin it iaeneeenenentacuenenannnannn
Slab modulus and composite k-values for New Jersey 3 .................on.tn
Deflection testing results and drainage coefficients for New Jersey 3 .............
Slab modulus and composite k-values for California3 .......................
Deflection testing results and drainage coefficients for California3 ..............
Longitudinal lane-shoulder joint load transfer efficiency for California3 ..........
Slab modulus and composite k-values for North Carolinal ...................
Deflection testing results and drainage coefficients for North Carolinal ..........
Design and performance data for the outer lane of North Carolina 2

(Age = 5 years, ESAL’'s =58 million) ............ccoooeiiiiiiiiinn.
Design and performance data for the outer lane of Florida 2 (Age = 1 year,

ESAL's =20 million) . ... v it it i i i i e
Design and performance data for the outer lane of Florida 3 (Age = 5 years,

ESAL'S =41 million) . . . oo vi ittt it ie it
Transverse cracking by lane for Florida3 ............ ...
Effect of slab length on cracking for Florida3 ............. ..o
Outer lane performance data relative to slab thickness for Minnesota 1

(Age = 17 years, ESAL’s =55 million) ...............ciiiinininn
Outer lane performance data relative to slab thickness for Minnesota 2

(Age = 10 years, ESAL’s =28 million) ......... ...t
Outer lane performance data relative to slab thickness for Arizonal ............
Outer lane performance data relative to slab thickness for California 1

(Age = 16 years, ESAL’'s = 76 million) ......... ... oiiiiiiiiiiiiiiiiiin
Outer lane performance data relative to slab thickness for Ontario 1

(Age =5 years, ESAL’s =084 million) .............ccoooiiieiiiiin.
Outer lane performance data relative to base type for Minnesota 1

(Age = 17 years, ESAL’'s =55 million) ............c oo
Outer lane performance data relative to base type for Arizonal................
Outer lane performance data relative to base type for California 1

(Age = 16 years, ESAL’'s =76 million) ........... ...t
Outer lane performance data relative to base type for California 2

(Age =7 years, ESAL's =44 million) ........ ... ..ttt
Outer lane performance data relative to base type for Michigan 1

(Age = 12 years, ESAL’'s =09 million) .......... ... it
Outer lane performance data relative to base type for New York 1

(Age = 22 years, ESAL’'s =20 million) .......... ...t
Outer lane performance data relative to base type for Ohio 1

(Age = 14 years, ESAL’'s =34 million) ........... ...t
Average performance data relative to base type for Ontario 1 (Age =

5 years, ESAL’s =0.84 million) .............o. ittt
Outer lane performance data relative to base type for North Carolina 1

(Age = 20 years, ESAL’s = 9.1 million) .............ooiieennnnnniiaitin,
Overall relative summary of the performance of base types ...................

xliv



Table
69.

70.
71.

72.
73.
74.
75.

76.

78.
79.
80.

81.
82.

83.

85.
86.
87.
88.

89.

91.

92.

LIST OF TABLES (continued)

VOLUME I _EVALUATION OF CONCRETE PAVEMENT
PERFORMANCE AND DESIGN FEATURES (continued)

Title Page
Gradation information for permeable bases required for filter

criteria evaluation . ....... ... it i i i e i i e e e e 118

Evaluationof filtercriteria . . . . .. ... .o it e 119

Outer lane performance data relative to joint spacing for Minnesota 1

(Age =17 years, ESAL’'s =55 million) .............. . .. i, 120

Outer lane performance data relative to joint spacing for Minnesota 2

(Age = 10 years, ESAL's =28 million) .............. ... i, 120

Outer lane performance data relative to joint spacing for California 1

(Age = 16 years, ESAL’'s =76 million) .............. ... ... . .. il 122

Outer lane performance data relative to joint spacing for Michigan 1

(Age = 12 years, ESAL’'s =09 million) ............. ... ... L., 122

Outer lane performance data relative to joint spacing for New York 1 (Age =

22 years, ESAL's =20 million) ........... .. .. .. i 122

Outer lane performance data relative to joint spacing for New York 2 (Age =

12 years, ESAL’'s =143 million) ............ ... i, 122

Outer lane performance data relative to joint spacing for Ohio 1 (Age =

14 years, ESAL’'s =34 million) ......... ... ... i i i 124

Summary of cracking by slab length for sections with random joint spacing . ...... 126
Ratio of slab length to the radius of relative stiffness (L/1) .................... 127
Effect of joint spacing, slab thickness, and base type on transverse cracking for

(@7 1714 o 7 Y O 130
Summary of performance data related to reinforcementdesign ................. 136
Outer lane performance data relative to joint orientation for New York 1 (Age =

22 years, ESAL's =20 million) .......... ... .. i 138
Outer lane performance data relative to joint orientation for North Carolina 1

(Age = 20 years, ESAL’'s =9.1million) ............. ... ... L., 138
Outer lane performance data relative to joint load transfer for Minnesota 1

(Age =17 years, ESAL’s =55 million) ............. ... .. .. oL, 140
Outer lane performance data relative to joint load transfer for North Carolina 1

(Age = 20 years, ESAL’s = 9.1 million) ........... ... ... . .., 140
Load transfer performance data for nondoweled pavement sections ............. 142
Load transfer performance data for doweled sections ................. ... ... 143
Outer lane performance data relative to dowel coating for Ohio 1 (Age =

14 years, ESAL's =34 million) .......... ... ... . i i 146
Summary of longitudinal cracking and related designdata . ................... 147
Influence of shoulder on performance of mainline pavement for Michigan 4

(Age =15 years, ESAL’'s =44 million) .............. .. ... ... s 152
Performance data relative to drainage for Michigan 1 (Age =

12 years, ESAL’s =09 million) .......... ... ... . i, 155
Summary of selected performance datarelated to C, ........... ... ... 158

xlv



Table

QR WN=

N

10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22,

23.
24.

26.

27.
28.
29.
30.

31
32.

LIST OF TABLES (continued)

VOLUME II EVALUATION AND MODIFICATION OF CONCRETE

PAVEMENT DESIGN AND ANALYSIS MODELS

Title

Listing of pavement sections in dry-freeze environmental region ...............
Listing of pavement sections in dry-nonfreeze environmental region ............
Listing of pavement sections in wet-freeze environmental region ...............
Listing of pavement sections in wet-nonfreeze environmental region ............
Recommended levels of reliability for various functional classifications (1) ........
Values of the drainage coefficient for the design of rigid pavements as

presented in the AASHTO Guide (1) . . ... .civviii i,
Load transfer coefficients for various pavement types and design conditions

as presented in the AASHTO Guide (1) . ..... ..o et
Actual field-measured faulting versus faulting as predicted using the

COPES faulting models for the dry-freezeregion ...........................
Summary of the statistical analysis of the AASHTO design model ..............
Summary of the statistical analyses of the PEARDARP prediction models ........
Summary of the statistical analyses of the COPES prediction models ............
Summary of the statistical analyses of the PFAULT faulting prediction models .....
CMS inputs for use with concrete pavements ............o.ieieiiiiiiin,
Specific sections and analyses performed using the CMS program ..............
Summary of thermal gradients at specified times for MN 1-1 for July 15 through
JUly 21, 1987 .o e et i
Analysis of stiffness of the paving layers in the deep frost, thaw-recovery,

and nonfrost periods for MN 1-1 . ... ... .. ittt
Summary of thermal gradients at specified times for CA 1-1 for July 15 through

JUly 21, 1987 i i it
Summary of thermal gradients at specified times for MI 1-10a for July 15 through
July 21, 1987 e e e e
Summary of thermal gradients at specified times for NC 1-1 for July 15 through

July 21, 1987 .t it a e
Summary of the results of the Liu-Lytton percent drainage versus time analyses

o3 0. 1
Relationships used in the Liu-Lytton drainage program to determine the

base strength based on the level of saturation .............. ... ... i
Summary of the results of the Liu-Lytton percent drainage versus time analysis

oY X O N L PP
Permeabilities and porosities of subbase and subgrade for CA1 ................
Time required to reach an 85 percent saturation level for CA 1 sections ..........
Probability of a wet subbase course for the CA 1sections .....................
Summary of the results of the Liu-Lytton percent drainage versus time analyses

10} 20\ 1 P
Permeabilities and porosities of subbase and subgrade for MI1 ................
Time required to reach an 85 percent saturation level for MI 1 sections ..........
Probability of a wet subbase course for the MI 1 sections .....................
Summary of the results of the Liu-Lytton percent drainage versus time analyses

0] gl N PP
Time required to reach an 85 percent saturation level for NC 1 sections ..........
Summary of maximum surface deflection as calculated by ILLISLAB and JSLAB

for a 144 kip (64 kN) dual wheel load with a tire pressure of 120 psi

(83 kPa) placed at theslab’sedge ........... ... iiiiiiiiiiiiiiaenennn.



Table

33.

38.

39.

40.
41.

42.
43.

45.

46.
47.
48.

49.

50.
51.
52.
53.

55.
56.
57.
58.
59.

61.

LIST OF TABLES (continued)

VOLUME Il _EVALUATION AND MODIFICATION OF CONCRETE

PAVEMENT DESIGN AND ANALYSIS MODELS (continued)

Title

Summary of maximum tensile stress as calculated by ILLISLAB and JSLAB for

a 144 kip (64 kN) dual wheel load with a tire pressure of 120 psi (83 kPa)

placed at theslab’sedge ............. ... . . i i, e
Summary of maximum surface deflection as calculated by ILLISLAB

and JSLAB for a 14.4 kip (64 kN) dual wheel load with a tire

pressure of 120 psi (83 kPa) placed at theslab’scormer .......................
Summary of maximum tensile stress as calculated by ILLISLAB and JSLAB

for a 14.4 kip (64 kN) dual wheel load with a tire pressure of 120 psi

(83 kPa) placed attheslab’scorner . .......... ... ittt
Summary of maximum thermal stresses as calculated by ILLISLAB and JSLAB . ...
Summary of maximum surface deflection, maximum edge stress, and

maximum subgrade distress as calculated by ILLISLAB for a 14.4 kip

(64 kN) dual wheel load with a tire pressure of 120 psi (83 kPa) placed
attheslab’'sedge ...... ... .. o i i e
Summary of deflection and stress load transfer efficiencies as calculated

by ILLISLAB for a 14.4 kip (64 kN) dual wheel load with a tire pressure

of 120 psi (83 kPa) placed attheslabcorner ................ ... ... v,
Measured deflection basin under 13,000 Ib (58 kN) load at STA 3+73

approachjoint, MI 1-10a ....... ... ittt it iiieinennenns
Finite element analysis for the void analysis performed for STA 3+73, MI 1-10a . .
Maximum positive and minimum negative thermal gradient calculated

by the CMS program for MN 1,CA1,MI1,andNC1..............c.ovn.n..
Stresses developing due to thermal gradients through theslab .................
Summary of PMARP results for the edge loading condition employing

a 9 kip (40 kN) dual wheel load with a tire pressure of 80 psi (55 kPa) ...........
Summary of PMARP results for the corner loading condition employing a

9 kip (40 kN) dual wheel load with a tire pressure of 80 psi G55 kPa) ............
Summary of Miner’s fatigue damage and transverse cracking for MN 2, CA 2,

1 B T 4T G
Shoulder fatigue damage analysis for AZ 1 and MI 4-1 using the JCS-1 program ...
Shoulder fatigue analysis for NC 1 using the BERM program ..................
Mean longitudinal cracking for all sections included in COPES and RIPPER
databases . .. ... ... i i et i e
Distribution of pavement sections and designs used in development of
faultingmodels ........ ... .. i i i
Yearly average daytime thermal gradients used in curling computations(2) .......
Critical distress levels, by pavement type (46) ..................eiiteenn...
Cost-effectiveness evaluation for Arizona ............cciiiiuiiuiininenenen..
Cost-effectiveness evaluation for California . .......... .. cooiviiiiina...
Cost-effectiveness evaluation for Michigan .................. .. ... ...,
Cost-effectiveness evaluation for Minnesota ................. ...,
Cost-effectiveness evaluation for North Carolina . ...........................
Arizona designs for cost-effectiveness evaluation ................ ... .. ...
California designs for cost-effectiveness evaluation ..........................
Michigan designs for cost-effectiveness evaluation ..........................
Minnesota designs for cost-effectiveness evaluation . .................... ...,
North Carolina designs for cost-effectiveness evaluation ......................

xlvii

B

135

142

145

147
147

151
152

159

160



Table

LN U BN

Table

WONRT W=

LIST OF TABLES (continued)

VOLUME III SUMMARY OF RESEARCH FINDINGS

Title Page
General information for pavements included instudy ........................ 5
Listing of pavement sections in dry-freeze environmental region ............... 6
Listing of pavement sections in dry-nonfreeze environmental regions . ........... 7
Listing of pavement sections in wet-freeze environmental region ............... 9
Listing of pavement sections in wet-nonfreeze environmental region ............ 10
Listing of major data items contained in thedatabase ....................... 20
Analysis and design models evaluated inthisstudy ...................... ... 30
Summary of the statistical analysis of the AASHTO design model .............. 32
Summary of the statistical analyses of the PEARDARP prediction models ........ 33
Summary of the statistical analyses of the COPES prediction models ............ 36
Summary of the statistical analyses of the PFAULT faulting prediction models . . ... 39
Summary of maximum edge deflection as calculated by ILLISLAB and JSLAB . .... 45
Summary of maximum thermal stress as calculated by ILLISLAB and JSLAB . ... .. 46
Mean longitudinal cracking for all sections included in COPES and RIPPER

databases ....... ... e e 56
Suggested design limits for use with predictionmodels ...................... 67
Performance results for 12 "replicate” inservice pavement sections in Illinois! . . . .. 69
Computed coefficients of variation for replicate pavement sections? . ........... 70
Critical distress levels by pavement type™ ....... .. ... ... ... il 74
Example of the cost-effectiveness evaluation for Arizona projects ............... 76

VOLUME IV APPENDIX A - PROJECT SUMMARY REPORTS AND

SUMMARY TABLES
Title Page
Corner voids on MN 1sectionsatRothsay ............ ... ... ... 3
Drainage summary for MN 1 and MN Ssections ........................... 3
Transverse joint spalling, by design variable ............................... 6
Transverse joint faulting, by design variable ............... ... ... ... 7
Transverse cracking, by design variable .................... ... ... 0oL 7
Longitudinal cracking, by design variable . .............. .. ... ... . o 8
Comparison of performancebylane ................ ... . ... il 10
Composite k-values . ... i i e 14
Load transfer efficiency and corners with voids ............................ 14
Drainage summary for MN 2sections ........... .. ... .ot 15
Transverse joint spallingon MN 2sections ............... ... .. it 15
Longitudinal cracking at MN 2, by design variable ................. ... ..., 17
Shoulder performance at MN 2sections . ........... ..ot 18
Comparison of performancebylaneat MN 2 .......... ... . ... ... ... 21
Traffic summary of AZ 1sections ............. ittt iiniiiniriiennennnnns 30
Summary of k-valueby basetype ......... ... . ... il 30
Drainage summary for AZ 1sections ........... ... oitiiiiitiineenennnn. 31
Comparison of performancebylaneat AZ 1 ........... ... ... ... 36

xlviii



Table

19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.
42,
43.
44.
45.
46.
47.
48.
49.
50.
51.
52.
53.
54.
55.
56.
57.
58.
59.
60.
61.
62.
63.
64.
65.

LIST OF TABLES (continued)

VOLUME IV _APPENDIX A - PROJECT SUMMARY REPORTS AND

SUMMARY TABLES (continued)

Title Page
Comparison of performancebylaneat AZ 2 . ..., 39
Backcalculated E-value by concrete type .........coviiiiiiiiii i, 42
Composite k-valueby base type . ........ ...l 43
Corners with voids and pumping severity by basetype ................ ... .. 43
Drainage summary for CAlsections .........c.cociiniiiiniiinrenenann. 43
Transverse joint faulting ........... . ittt i 4
Transverse crackingon CA 1sections ........... ...ttt 47
Longitudinal cracking on CA 1sections ............ oo, 48
Roughness and present serviceability on CA 1sections . ...............ocnnntn 48
Performance summarized by basetype ......... ... o il 49
Performance summarized by joint spacing . .......... ... it 49
Performance summarized by slab thickness . .............. e e 50
Comparison of performance by laneat CA1............ ..., . 50
Summary of composite k-valuesof CA2......... ...t 53
Load transfer efficiencies and corners with voidsat CA2 ..................... 53
Drainage summary for CA2sections . ...........c..coiiniiiiininieenn.n 54
Transverse joint faultingat CA 2 . ... .. ... oo, 54
Roughness and present serviceability at CA2 ........ ..., 56
Comparison of performancebylaneat CA2.......... ..., 57
Comparison of performance by laneat CA6........... ... .o, 60
Summary of performanceby laneat CA 7 ........... ..ot 62
Comparison of performancebylaneat CA8...... ... ... ..ot 65
Summary of composite k-valueby basetype . .......... ... ool 67
Comerswithvoidsat MI1 ... ... ... . i 68
Drainage summary for MI 1sections .. ............oiiiiiiiiiiiiiinn, 69
Transverse joint spallingon MI 1sections ............ .. oo, 69
Transverse joint faultingon MI Isections ......... ... .. ooiiiiiiiiiinny 72
Transverse joint faulting summarized by subdrainage . ....................... 73
Roughness and present serviceability at MI'1 ........... ..ot 74
Faulting as a function of load transfer and drainage .............. ... ... ...t 75
Comparison of performance by transverse joint spacing ................. ... 76
Comparison of performanceby laneat MI'1 ......... ... . oo, 77
Corner void detectionon MI4sections . ........ ... .o i, 83
Drainage summary for MI 4 sections .......... ... oo it 83
Composite k-valueby base type . ....... ...t 95
Load transfer efficiencies and corners with voidsat NY 1 ..................... 9%
Drainage summary for NY 1sections ............. oo, 96
Roughness and present serviceability on NY 1 sections . ............coonn.n. 101
Comparison of performanceby laneat NY 1............oooiiiinnnn. 102
Composite k-values and average mid-slab deflecionsat NY 2 ................. 106
Load transfer efficiencies and corners with voidsat NY 2 ..................... 106
Drainage summary for NY 2sections ............coiiiiiiiiniiiiiiinann, 107
Transverse cracking summarized by lane and transverse joint spacing ........... 110
Longitudinal cracking summarized by lane and transverse joint spacing . ......... 110
Roughness and present serviceability at NY 2 ............cooiiiiiinen... m
Summary of slab cracking on sections with concrete shoulders ................. 111
Performance comparison of sections with 20-ft transverse joint spacing .......... 112

xlix



Table

66.
67.
68.
69.
70.
71.
72.
73.
74.
75.
76.
77.
78.
79.
80.
81.
82.
83.
84.
85.
86.
87.
88.
89.
90.
91.
92.
93.
9.
95.
96.
97.
98.
99.
100.
101.
102.
103.
104.
105.
106.
107.
108.
109.
110.
111.
112.

LIST OF TABLES (continued)

VOLUME IV_APPENDIX A - PROJECT SUMMARY REPORTS AND
i SUMMARY TABLES gcontmued!

Title Page
Comparison of performance by lane and pavement typeatNY2 ............... 112
Composite k-valuesat OH'1 . ...... .. ittt 115
Load transfer efficiencies and corners with voidsat OH1..................... 115
Drainage summary for OH 1sections ............... ... i i, 116
Transverse joint faultingat OH1 .......... ... ... ... oL, 119
Roughness and present serviceability atOH1 .................. ... ... .... 120
Comparison of performance by lane and base typeof OH1 ................... 122
Drainage summary for OH2 Sections . ............. ... i, 125
Transverse joint spallingatOH2 ............ ... ... . .. 125
Transverse joint performanceatOH 2 ................. ... ... ..., e 127
Roughness and present serviceability on OH 2 sections . . ..................... 128
Summary of longitudinal joint spallingatOH2 ............................ 129
Outer shoulder performance at OH2 ............. ... i, 129
Comparison of performancebylaneatOH2 ..................... ... ...... 130
Load transfer efficiency and corners with voidsat ONT 1..................... 134
Summary of drainage characteristicsat ONT 1 ............................. 134
Summary of transverse joint faulting by direction of traffic . ................... 135
Roughness and present serviceability at ONT 1............. ... ... ... ..... 137
Shoulder performance at ONT 1 ........ ... ittt 138
Comparison of performance by laneat ONT 1 .................... ... ..., 140
Summary of performance variablesat ONT 2 ............. ... ... ... ... ..., 143
Traffic summary of PA1sections ............itiniiiiitiiniiiiienennnn. 145
Summary of composite k-valueby basetype . ............. ... ... ..., ... 146
FWD deflection testing resultsat PA1 ........... ... ... L. ... 146
Drainage summary for PAlsections ............ .. .ot 147
Roughness and present serviceability at PA1 .............................. 150
Comparison of performancebylaneat PA1 ........... .. ... ... . il 151
Comparison of performancebylaneat NJ 2 ............. ... ... . ..., 154
Summary of composite k-valuesat NJ 3 ............. ... ... i, 156
Drainage summary for NJ3 ........... ... . i, 157
Transverse joint faultingat NJ 3 ........... ... ... ... ... 159
Roughness and present serviceability at NJ3 .............................. 159
Comparison of performancebylaneatNJ3 ............... ... ... ... .. ... 160
Composite k-valuesat CA3 ....... ... .. i, 163
FWD deflection testing resultsat CA3 ............. ... . .. 164
Drainagesummary for CA3 . ... .. ... . i i 164
Transverse joint spallingat CA3 ....... ... .. .. i, 167
Transverse joint faulting at CA 3 . ... ...outiuntnntineieenteneennnen.. 167
Transverse crackingat CA 3 ....... ... ittt 167
Roughness and present serviceabilityat CA3 .................. ... ... ... 168
Outer shoulder performanceat CA3 ......... ... .. ... 169
Comparison of performancebylaneat CA3............. ... ... .. .oi.L. 169
Composite k-values and load transfer efficiency at NC1...................... 173
Percent corners withvoidsat NC 1 ........... ... ... i, 173
Drainage summary for NC1sections ................. i, 174
Transverse joint faulting by load transfer type ............... ... .. ... ... 177
Longitudinal crackingat NC1 ......... ... ... ... . i i, 178



Table

113.
114.
115.
116.
117.
118.
119.
120.
121.
122.

123.
124.
125.

126.
127.
128.
129.
130.

131.
132.
133.

134.
135.
136.
137.
138.

139.
140.
141.

142.

143.
144.
145.
146.

147.
148.
149.

150.

LIST OF TABLES (continued)

VOLUME IV APPENDIX A - PROJECT SUMMARY REPORTS AND
SUMMARY TABLES (continued)

Title Page

Comparison of performance by transverse joint orientation . . .................. 180

Comparison of performance by lane and base typeat NC1 ................... 180

Comparison of performance by lane for NC2 ............ . .o, 184

Pavement performance at FL 2 . ....... ... ... i, 187

Comparison of performance by lanefor FL3 ........... ...l 189

Transversecrackingat FL3 . ..... .. ... i, 189

Slab cracking as a functionof slablengthat FL3 ........... ... .. ..o 190

General information and design data for projects included instudy ............. 205

Slab design data for projects in dry-freeze environmental zone ................. 206

Base, subbase, subgrade, and outer shoulder design data for projects in

dry-freeZe environmental ZONE .. .......uuiteinr it 207

Pavement joint data for projects in dry-freeze environmental zone .............. 208

Outer lane deflection data of projects in dry-freeze environmental zone .......... 209

Outer shoulder and drainage information for projects in dry-freeze

enVIironmMental ZONE . . . ..o vttt i it i i e e e 210
Traffic information for projects in dry-freeze environmental zone ............... 211

Outer lane performance data for projects in dry-freeze environmental zone ....... 212
Lane 2 performance data for projects in dry-freeze environmental zone .......... 213
Slab design for projects in dry-nonfreeze environmental zone . ................. 214
Base, subbase, subgrade, and outer shoulder design data for projects

in dry-nonfreeze environmental Zone ............ .. o ittt 215
Pavement joint data for projects in dry-nonfreeze environmental zone ........... 216
Outer lane deflection data of projects in dry-nonfreeze environmental zone ....... 217
Outer shoulder and drainage information for projects in dry-nonfreeze

environmental ZONe . .. ... . i i i i i et s e 218
Traffic information for projects in dry-nonfreeze environmental zone ............ 219
Outer lane performance data for projects in dry-nonfreeze environmental zone. . ... 220
Lane 2 performance data for projects in dry-nonfreeze environmental zone ....... 221
Slab design for projects in wet-freeze environmental zone . ............ ... ... .. 222
Base, subbase, subgrade, and outer shoulder design data for projects

in wet-freeze environmental zone . .......... .. . it it 224
Pavement joint data for projects in wet-freeze environmental zone .............. 226
Outer lane deflection data of projects in wet-freeze environmental zone .......... 228
Outer shoulder and drainage information for projects in wet-freeze

environmental ZOne . .. ... .. e 230
Traffic information for projects in wet-freeze environmental

/o) ¢ V- 232
Outer lane performance data for projects in wet-freeze environmental zone ....... 234
Lane 2 performance data for projects in wet-freeze environmental zone .......... 236
Slab design for projects in wet-nonfreeze environmental zone . ................. 238
Base, subbase, subgrade, and outer shoulder design data for projects

in wet-nonfreeze environmental Zone . .......... ... ittt 239
Pavement joint data for projects in wet-nonfreeze environmental zone ........... 240
Outer lane deflection data of projects in wet-nonfreeze environmental zone . ...... 241
Outer shoulder and drainage information for projects in wet-nonfreeze

environmental Zone . .. ... ... i i i e 242
Traffic information for projects in wet-nonfreeze environmental zone . ........... 243

li



Table

151.
152.

Table

Table

—

NN =

HMOWONNAR LN

LIST OF TABLES (continued)

VOLUME IV__APPENDIX A - PROJECT SUMMARY REPORTS AND
. SUMMARY TABLES (continued)

Title Page
Outer lane performance data for projects in wet-nonfreeze environmental zone .... 244
Lane 2 performance data for projects in wet-nonfreeze environmental zone ....... 245

VOLUME V__APPENDIX B - DATA COLLECTION AND_
ANALYSIS PROCEDURES

Title Page
WIM project 10Cations . ...ttt it iaeeeneaeaanns 18
FHWA vehicle classification types (5) .......... ..o, 18
Field procedures for collectionof WIMdata ................ ... ...ovunnt. 20
Chart to calculate saturation timecurve ........... ... iiitiiiieiiennenns 36
Eh?® values for all Phase I SeCHONS . ... vvvevenn et trunnnennneenneeennn. 67
Effect of deflection error on backcalculated Eand k ............. .. ... .. ... 69
Listing of major data items contained in the database ........................ 78

VOLUME VI APPENDIX C AND APPENDIX D

APPENDIX C - SYNTHESIS OF CONCRETE PAVEMENT DESIGN
METHODS AND ANALYSIS MODELS

Title ' Page
Evaluation of analysis models and designmethods . ............... ... ot 29
Levels of design variables .......... ... ... . i ittt 34
Parameters assumed for use in the analysis models and design methods (5) ....... 35
Traffic data assumed indesign models (5) ............. ... oL 36
Loadometer data assumed in design models(5) ................ . oot 37
ILLISLAB input and output variables ............... .. ..ot 52
JSLAB input and output variables . ......... ... .. . i ittt 53
WESLIQID input and output variables ............... ... ... oot 54
WESLAYER input and output variables ............. ... .. oo, 55
RISC input and output variables . .......... ... ..ol 56
PMARP input and output variables . . .. ...... ... ... Loiiiiiiiiii 57

lii



Table

12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22,
23.
24.

26.
27.
28.
29.
30.
31.
32.

33.

35.

37.
38.
39.
40.
41.

42.
43.

45.

LIST OF TABLES (continued)

VOLUME VI__APPENDIX C AND APPENDIX D

APPENDIX C - SYNTHESIS OF CONCRETE PAVEMENT DESIGN
‘ METHODS AND ANALYSIS MODELS (continued)

Title

H-51inputand outputvariables ............ ... ... . . i il
CMS inputand output variables . ............. .. ... . i iiiiiiiiin..,
Liu-Lytton drainage models input and output variables ......................
PREDICT input and output variables ............... .. ... o i,
PEARDARP input and output variables ............... ... ... .. .. L,
JCP-1 input and output variables ......... et ree et ee e,
DNPS86 input and output variables ............... ... .. i i,
RPS-3 input and output variables ............ ... .. .. i,
PCA and California Rigid Pavement Design Procedure input and output variables .
JCS-1 and BERM input and output variables . ............. ... ... ... ..
Method of obtaining input variables for ILLISLAB ..........................
Methods of obtaining input variables for JSLAB ............................
Methods of obtaining input variables for CMS .............................
Methods of obtaining input variables for Liu-Lytton Drainage Models ...........
Method of obtaining input variables for PMARP ............................
Method of obtaining input variables for PEARDARP ........................
Method of obtaining input variables for PREDICT ..........................
Method of obtaining input variables for BERM .................... ... .. ...
Method of obtaining input variables for JCS-1 ............. ... ... ... . oLL.
Method of obtaining input variables for JCP-1 .................. ... . ...,
Effect of slab thickness on pavement responses as measured by ILLISLAB,

JSLAB, WESLIQID, and WESLAYER . ...... ... .. ittt
Effect of shoulder parameters on pavement responses as measured by

ILLISLAB, JSLAB, WESLIQID, and WESLAYER ........... ...t
Effect of subgrade strength on pavement responses as measured by

ILLISLAB, JSLAB, WESLIQID, and WESLAYER .............. ... ...
Effect of joint width and slab length on pavement responses as

measured by ILLISLAB, JSLAB, WESLIQID, and WESLAYER ..................
Effect of load transfer on pavement responses as measured by

ILLISLABand JSLAB .. ...ttt ittt ii et ieteienaeranannns
Effect of base type on pavement responses as measured by

ILLISLABand JSLAB . ... .ttt it iteiteneereenannnanns
Effect of slab length/joint width, slab thickness, and shoulder parameters

on pavement responses as measured by PMARP ....................... ...,
Effect of void depth, drainage factor, rainfall factor, and subbase treatment

factor on pavement responses as measured by PMARP . ......................
ILLISLAB and JSLAB curling analysis ............. ... i,
WESLIQID and WESLAYER curling analysis ................ ... ... ...
Analysis Of RISC . .. ... . e e
Effect of subgrade strength and pavement thickness on pavement response as
measured by H-51 ... ... . .
CMS capabilities ....... ... .. i e
Effect of subgrade strength and slab thickness on cracking and PSR of JPCP as
measured by PREDICT . ... ... . i i iiiiiieinaneaan



Table
46.

47.
48.
49,
50.
51.
52.
53.

55.
56.
57.
58.
59.
60.
61.
62.
63.

Table

65.

67.

69.
70.
71.

72.

LIST OF TABLES (continued)

VOLUME VI APPENDIX C AND APPENDIXD

APPENDIX C - SYNTHESIS OF CONCRETE PAVEMENT DESIGN
METHODS AND ANALYSIS MODELS (continued)

Title Page
Effect of subgrade strength and slab thickness on pumping of JPCP as

measured by PREDICT . ...... ...ttt ittt inennns 95
Effect of climatic region on distresses of JPCP as measured by PREDICT ......... 96
Specific variables for the nine climatic zones(5) .................. ... ....... 97
Effect of climatic region on distresses of JRCP as measured by PREDICT ......... 99
Effect of climatic region on distress of JRCP as measured by PREDICT ........... 100
Effect of subdrainage on JRCP distress as measured by PREDICT ............... 101
Effect of subgrade strength on JPCP distress as measured by PEARDARP ........ 102
Effect of pavement thickness on JPCP distress as measured by PEARDARP ....... 103
Effect of various inputs on fatigue damage as measured by JCP-1 .............. 104
Effect of various inputs on serviceability as measured by JCP-1 ................ 105
Effect of various inputs on DNPS86 designoutputs .............ccvviuenn... 106
Effect of loss of support, drainage factor, and ESAL’s on design using DNPS86 .... 107
Effect of various inputson RPS-3outputs .......... ... ..o, 108
Effect of subgrade strength and load transfer on PCA designoutputs . ........... 109
Effect of subgrade strength on California rigid pavement design outputs ......... 110
Effect of shoulder type and thickness on BERM shoulder design outputs ......... 111
Effect of various inputs on JCS-1designoutputs ................ ..t 112
Effect of various inputs on the Liu-Lytton drainage models outputs ............. 113
Effect of various inputson JRCP4outputs .. ..., 114

VOLUME VI__APPENDIX C AND APPENDIX D

APPENDIX D - SUMMARY OF ANALYSIS DATA FOR THE
EVALUATION OF PREDICTIVE MODELS

Title Page
Actual ESAL’s (based on ADT) versus ESAL’s as predicted using the .
AASHTO design equation for all Phase I'sections .............. ... ... ... ... 116
Actual ESAL’s (based on ADT) versus ESAL’s as predicted using the

AASHTO design equation for the dry-freezeregion ......................... 120
Actual ESAL’s (based on ADT) versus ESAL’s as predicted using the

AASHTO design equation for the dry-nonfreezeregion ....................., 121
Actual ESAL’s (based on ADT) versus ESAL’s as predicted using the .

AASHTO design equation for the wet-freezeregion . ..........ccvuuuennnn... 123
Actual ESAL’s (based on ADT) versus ESAL’s as predicted using the

AASHTO design equation for the wet-nonfreezeregion ...................... 125
Actual PSR as determined by a panel of users versus PSI as predicted

by the PEARDARP PSI model for all PhaseI'sections . ................. .. ..., 127
Actual PSR as determined by a panel of users versus PSI as predicted

by the PEARDARP PSI model for the dry-freezeregion ...................... 131
Actual PSR as determined by a panel of users versus PSI as predicted

by the PEARDARP PSI model for the dry-nonfreeze region ................... 132

liv



Table
73.
74.
75.
76.
77.
78.
79.
80.

81.

82.

83.

85.

87.

89.

91.

92.

LIST OF TABLES (continued)

VOLUME VI APPENDIX C AND APPENDIX D

APPENDIX D - SUMMARY OF ANALYSIS DATA FOR THE
EVALUATION OF PREDICTIVE MODELS (continued)

Title Page
Actual PSR as determined by a panel of users versus PSI as predicted

by the PEARDARP PSI model for the wet-freezeregion ...................... 134
Actual PSR as determined by a panel of users versus PSI as predicted

by the PEARDARP PSI model for the wet-nonfreeze region ................... 136
Actual field measured roughness versus roughness as predicted using

the PEARDARP roughness model for all Phase I'sections ..................... 138
Actual field measured roughness versus roughness as predicted using

the PEARDARP roughness model for the dry-freezeregion ................... 142
Actual field measured roughness versus roughness as predicted using '

the PEARDARP roughness model for the dry-nonfreeze region ................ 143
Actual field measured roughness versus roughness as predicted using

the PEARDARP roughness model for the wet-freezeregion ................... 145
Actual field measured roughness versus roughness as predicted using

the PEARDARP roughness model for the wet-nonfreeze region ................ 147

Comparison of actual field observed pumping with the normalized
pumping index, volume of pumping, number of joints pumping, and
volume of undersealing material required as predicted by the PEARDARP

pumping model for all PhaseI'sections .. ........... ... ... o i, 149
Actual field measured spalling versus spalling as predicted using
the PEARDAREP spalling model for all Phase I'sections ....................... 152
Actual field measured spalling versus spalling as predicted using
the PEARDARP spalling model for the dry-freezeregion ..................... 156
Actual field measured spalling versus spalling as predicted using
the PEARDARP spalling model for the dry-nonfreeze region ...... e 157
Actual field measured spalling versus spalling as predicted using
the PEARDARRP spalling model for the wet-freezeregion ..................... 159
Actual field measured spalling versus spalling as predicted using
the PEARDAREP spalling model for the wet-nonfreeze region ........... e 161
Actual field measured faulting versus faulting as predicted using
the PEARDAREP faulting models for all Phase I sections ...................... 163
Actual field measured faulting versus faulting as predicted using
the PEARDARP faulting models for the dry-freezeregion . .................... 167

Actual field measured faulting versus faulting as predicted using

the PEARDARP faulting models for doweled pavements for the

dry-freeze region . .. ..ot i i i i et e e 169
Actual field measured faulting versus faulting as predicted using

the PEARDARP faulting models for nondoweled pavements for the

dry-freeze region . .. ... i i i i it it e 170
Actual field measured faulting versus faulting as predicted using
the PEARDARP faulting models for the dry-nonfreeze region . ................. 172
Actual field measured faulting versus faulting as predicted using
the PEARDARP faulting models for the wet-freezeregion .................... 174

Actual field measured faulting versus faulting as predicted using
the PEARDARP faulting models for doweled pavements for the
Wet-fTeeZe TeZIOM . . . o ittt i i it i i i e 177



Table

93.

9.

95.

96.

97.

98.

99.
100.
101.
102.
103.
104.
105.
106.
107.
108.
109.
110.
111.
112.

113.

LIST OF TABLES (continued)

VOLUME VI APPENDIX C AND APPENDIX D

APPENDIX D - SUMMARY OF ANALYSIS DATA FOR THE
EVALUATION OF PREDICTIVE MODELS (continued)

Title Page

Actual field measured faulting versus faulting as predicted using
the PEARDARP faulting models for nondoweled pavements for the

(L 3 ==/ =)~ T )« 178
Actual field measured faulting versus faulting as predicted using
the PEARDARP faulting models for the wet-nonfreeze region ........... e 180

Actual field measured faulting versus faulting as predicted using

the PEARDARP faulting models for doweled pavements for the

Wet-NONfIeeZe TeGION . . . oottt i it it ittt i it eneneaanns 182
Actual field measured faulting versus faulting as predicted using

the PEARDARP faulting models for nondoweled pavements for the

Wet-NONfTeeZe FEGIOM . . . . vttt ittt ittt it it iieeneeneaaneanoennnns 183
Actual field measured cracking versus cracking as predicted using

the PEARDARP cracking models for all PhaseIsections . ..................... 185
Actual field measured cracking versus cracking as predicted using

the PEARDARP cracking model for the dry-freezeregion ..................... 189
Actual field measured cracking versus cracking as predicted using

the PEARDARP cracking model for the dry-nonfreeze region .................. 190
Actual field measured cracking versus cracking as predicted using :

the PEARDARP cracking model for the wet-freezeregion . .................... 192
Actual field measured cracking versus cracking as predicted using

the PEARDARP cracking model for the wet-nonfreeze region .................. 194
Actual field observed pumping versus pumping as predicted using

COPES pumping models for all Phase I sections .............. ... ... ...... 196
Actual field observed pumping versus pumping as predicted using

COPES pumping models for the dry-freezeregion ................ ... ... .. 200
Actual field observed pumping versus pumping as predicted using

COPES JPCP pumping model for the dry-freezeregion....................... 202
Actual field observed pumping versus pumping as predicted using

COPES JRCP pumping model for the dry-freezeregion ...................... 203
Actual field observed pumping versus pumping as predicted using

COPES pumping model for the dry-nonfreezeregion ............. ... ...o... 205
Actual field observed pumping versus pumping as predicted using

COPES pumping model for the wet-freezeregion . ............... .. ....oo... 207
Actual field observed pumping versus pumping as predicted using

COPES JPCP pumping model for the wet-freezeregion ................ ... ... 210
Actual field observed pumping versus pumping as predicted using

COPES JRCP pumping model for the wet-freezeregion ...................... 211
Actual field observed pumping versus pumping as predicted using

COPES pumping model for the wet-nonfreezeregion ........................ 213
Actual field measured faulting versus faulting as predicted using

the COPES faulting models for all Phase I sections . ............ ... ... 215
Actual field measured faulting versus faulting as predicted using

the COPES faulting models for the dry-freezeregion ............ ... ... ... 219
Actual field measured faulting versus faulting as predicted using

the COPES JPCP faulting model for the dry-freezeregion .. ................... 221

Ivi



Table
114.
115.
116.
117.
118.
119.
120.

121.

122.

123.

124.

125.

126.

127.

128.

129.
130.

131.

LIST OF TABLES (continued)

VOLUME VI APPENDIX C AND APPENDIX D

APPENDIX D - SUMMARY OF ANALYSIS DATA FOR THE
EVALUATION OF PREDICTIVE MODELS (continued)

Title Page
Actual field measured faulting versus faulting as predicted using

the COPES JRCP faulting model for the dry-freezeregion . .................... 222
Actual field measured faulting versus faulting as predicted using

the COPES faulting models for the dry-nonfreezeregion ..................... 224
Actual field measured faulting versus faulting as predicted using

the COPES faulting models for the wet-freezeregion ........................ 226
Actual field measured faulting versus faulting as predicted using

the COPES JPCP faulting model for the wet-freezeregion . .................... 229
Actual field measured faulting versus faulting as predicted using

the COPES JRCP faulting model for the wet-freezeregion .................... 230
Actual field measured faulting versus faulting as predicted using

the COPES faulting models for the wet-nonfreeze region ..................... 232
Actual field measured spalling versus joint deterioration (spalling)

as predicted using the COPES spalling models for all Phase I sections ........... 234

Actual field measured spalling versus joint deterioration (spalling)

as predicted using the COPES spalling models for the

dry-freeze Tegion . ... ... e e e 238
Actual field measured spalling versus joint deterioration (spalling)

as predicted using the COPES JPCP joint deterioration model for the

dry-freeze region . .. ... . 240
Actual field measured spalling versus joint deterioration (spalling)

as predicted using the COPES JRCP joint deterioration model for the

dry-freezeregion . .. ... i e e 241
Actual field measured spalling versus joint deterioration (spalling)

as predicted using the COPES spalling models for the dry-nonfreeze

TEGIOM o . e et e e 243
Actual field measured spalling versus joint deterioration (spalling) ~

as predicted using the COPES spalling models for the wet-freeze

174 ) 4 T 245
Actual field measured spalling versus joint deterioration (spalling)

as predicted using the COPES JPCP joint deterioration model for the

Wet-freeZe TeGION . . . ... . i i i e 248
Actual field measured spalling versus joint deterioration (spalling)

as predicted using the COPES JRCP joint deterioration model for the

wet-freeze region . .. ... ... i i 249
Actual field measured spalling versus joint deterioration (spalling)

as predicted using the COPES spalling models for the wet-nonfreeze

4 T4 251
Actual field measured cracking versus cracking as predicted by the
COPES cracking models for all Phase I'sections . .................ccouvvun.. 253
Actual field measured cracking versus cracking as predicted by the
COPES cracking models for the dry-freeze region . ...............couueea.... 257
Actual field measured cracking versus cracking as predicted by the
COPES JPCP cracking model for the dry-freeze region ....................... 259

lvii



Table
132.
133.
134.
135.
136.
137.

138.

139.

140.
141.
142.
143.
144.
145.
146.
147.
148.
149.
150.
151.
152.

153.

LIST OF TABLES (continued)

VOLUME VI _APPENDIX C AND APPENDIX D

' APPENDIX D - SUMMARY OF ANALYSIS DATA FOR THE
EVALUATION OF PREDICTIVE MODELS (continued)

Title Page
Actual field measured cracking versus cracking as predicted by the

COPES JRCP cracking model for the dry-freeze region ..................cnven 260

Actual field measured cracking versus cracking as predicted by the

COPES cracking models for the dry-nonfreeze region ...............cevnvennn 262

Actual field measured cracking versus cracking as predicted by the

COPES cracking models for the wet-freeze region . ....... ..o, 264

Actual field measured cracking versus cracking as predicted by the

COPES JPCP cracking models for the wet-freezeregion ...................c.. 267

Actual field measured cracking versus cracking as predicted by the

COPES JRCP cracking model for the wet-freezeregion ...............ccvnnen. 268

Actual field measured cracking versus cracking as predicted by the

COPES cracking models for the wet-nonfreezeregion ...............coovvnnen 270

Actual PSR as determined by a panel of users versus PSR as predicted by

the COPES PSR models for all PhaseIsections ...........ooviiiniiinann.s 272

Actual PSR as determined by a panel of users versus PSR as predicted by

the COPES PSR models for the dry-freezeregion ............cceoniiieainn, 276

Actual PSR as determined by a panel of users versus PSR as predicted by

the COPES JPCP PSR model for the dry-freezeregion . .............cocnevnn. 278

Actual PSR as determined by a panel of users versus PSR as predicted by

the COPES JRCP PSR model for the dry-freeze region .................. 000 279

Actual PSR as determined by a panel of users versus PSR as predicted by

the COPES PSR models for the dry-nonfreezeregion ..............coeoenon.. 281

Actual PSR as determined by a panel of users versus PSR as predicted by

the COPES PSR models for the wet-freezeregion ...............oiienentnn 283
Actual PSR as determined by a panel of users versus PSR as predicted by

the COPES JPCP PSR model for the wet-freezeregion ................coonnnn 286
Actual PSR as determined by a panel of users versus PSR as predicted by

the COPES JRCP PSR model for the wet-freezeregion ................covneen 287
Actual PSR as determined by a panel of users versus PSR as predicted by

the COPES PSR models for the wet-nonfreeze region ...............ocovenenn 289
Actual field measured faulting versus faulting as predicted using the

PFAULT models for all Phase I sections ............cociiiininiiinnnnnn. 291
Actual field measured faulting versus faulting as predicted using the

PFAULT models for the dry-freezeregion . ... ..oy 295
Actual field measured faulting versus faulting as predicted using the

PFAULT models for doweled pavements for the dry-freeze region .............. 297
Actual field measured faulting versus faulting as predicted using the

PFAULT models for nondoweled pavements for the dry-freeze region ........... 298
Actual field measured faulting versus faulting as predicted using the

PFAULT models for the dry-nonfreezeregion ..........cccoveneeerevecennnn 300
Actual field measured faulting versus faulting as predicted using the

PFAULT models for the wet-freezeregion ..............cieiiiiciecnnnn 302
Actual field measured faulting versus faulting as predicted using the

PFAULT models for doweled pavements for the wet-freeze region .............. 305

lviii



LIST OF TABLES (continued)

VOLUME VI _APPENDIX C AND APPENDIX D

APPENDIX D - SUMMARY OF ANALYSIS DATA FOR THE
EVALUATION OF PREDICTIVE MODELS (continued)

Table Title

154.  Actual field measured faulting versus faulting as predicted using the

PFAULT models for nondoweled pavements for the wet-freeze region . .........

155.  Actual field measured faulting versus faulting as predicted using the

PFAULT models for the wet-nonfreezeregion . ................ooouun.....

156.  Actual field measured faulting versus faulting as predicted using the

PFAULT models for doweled pavements for the wet-nonfreeze region . .........

157.  Actual field measured faulting versus faulting as predicted using the
PFAULT models for nondoweled pavements for the wet-nonfreeze

region ............. e e it it e

158. Data used for the analysis of the PEARDARP, COPES, AND PFAULT

predictivemodels ......... .. ... i i e

lix






CHAPTER 1 INTRODUCTION

1. INTRODUCTION

Models are important tools available to the pavement engineer to assist in
the design and analysis of pavements and extend the understanding of pavement
performance. They can be based on theory (mechanistic), on observed
performance (empirical) or a combination of the two.

Models can be broadly grouped into two categories for use in the pavement
field: design and analysis. Pavement design models may be classified as empirical,
in which the design equation for pavement thickness is derived from field data,
and mechanistic-empirical, in which pavement responses such as stresses and
strains are related to the number of allowable loads until failure of the pavement.
The major empirical method in use in the United States today for the design of
concrete pavements is the AASHTO Design Guide, whose design equations are
based on data collected during the 1958-1960 AASHO Road Test.” "An example of
a mechanistic-empirical pavement design method is the Zero-Maintenance Design
Procedure.?

A subset of the design models are prediction models. Prediction models
attempt to predict the condition of a pavement after it has been subjected to a
given number of environmental and traffic loads. This prediction is usually based
on models for performance that are developed from actual inservice pavements.
Prediction models can incorporate mechanistic variables which are based on the
properties of the pavement materials and their response to loading. It is believed
that mechanistic-empirical models provide a more accurate characterization of the
pavement structure, and provide more flexibility in design and analysis than
strictly empirical models.

Pavement analysis models have been developed to provide behavioral
information about pavement structures. The interaction of the different layers in a
pavement system, the different designs that are used, the range of environmental
conditions to which a pavement is exposed, and the variation in location and
magnitude of applied loads define a very complex structure. The available
analysis models attempt to explain one or several of these factors through
computer modeling techniques. The goal in the development and use of an
analysis model is to improve the understanding of pavement responses to loading
and the environment, and through that understanding, improve pavement design.

Pavement analysis models vary in their completeness and complexity by the
number of variables that they are able to incorporate. Models exist that can
consider loading variables (e.g., Westergaard edge stress model), loading and
environmental variables (e.g., ILLISLAB finite element model), or primarily
environmental variables (e.g,, CMS). Ideally, an analysis model would
accommodate the maximum number of factors that are believed to affect the
performance or behavior of pavements.



2. PROJECT BACKGROUND

~ This report details a portion of the work conducted for a major national
study on the effect of various design features on the performance of jointed
concrete pavements and selected structural rehabilitation techniques of jointed
concrete pavements. The first phase of the project deals with the performance of
jointed concrete pavements. The findings of this phase are found in a six-volume
report, "Performance of Jointed Concrete Pavements." Observations and
preliminary conclusions regarding the effects of design features on concrete
performance are presented in volumes I, IV, and V, which document the data
collection activities, data analysis procedures, and the establishment of the database
used in the study. This volume covers the second part of the phase I research;
the evaluation of design and analysis models, the determination of the accuracy of
predictive models, the development of improved models, and an analysis of the
cost-effectiveness of design features.

Selection of Models

One of the major goals of the project is to determine the adequacy of the
available design procedures and analysis models, based on the performance of in-
service concrete pavements. A number of available analysis models and design
procedures were thoroughly reviewed and evaluated during the initial stages of
the project. This was accomplished by obtaining the computer program and
procedure documentation, performing analyses of the sensitivity of the models to
changes in their variables, and documenting the capabilities and limitations of each
model. The following models were considered:

Drainage/
Design Structural Analysis Prediction Climatic
AASHTO (DNPS 86)° ILLISLAB’ PEARDARP' CMS™ |
CALTRANS JSLAB® PREDICT Liu/Lytton
jcs-1°, JRCP-4
BERM H51
RPS-3 RISC
PCA WESLAYER
JCP-T WESLIQID
PMARP’

The results of that evaluation are reported in volume VI of this report. Those
models that were selected for use in this project are marked with a (*). In
addition to those models evaluated and selected, one predictive model that was
not initially evaluated, PFAULT, was also subsequently selected for evaluation.



Research Approach

The 95 different pavement sections incorporating design features of interest
were selected to be included in Phase I of this study. The selection process,
described in volume I, was based on the ability of the sections to satisfy a number
of criteria, including a range of environmental and traffic conditions, inclusion of
the design variables of interest, and the ability to contribute to the desired design
matrix. Those sections that were selected were subjected to a complete condition
survey and evaluation.

Of the 95 sections, 84 were sections that were part of experimental projects
or were selected to serve as a "control” section to the experimental project. The
other 11 sections were included because they incorporated new or innovative
design features whose effect on pavement performance was of interest.

The evaluation of the models and design procedures is composed of four
discrete tasks. The first task is an analysis of the predictive models. In this
analysis, the distresses as predicted by the models are compared to the actual
field-measured distresses. The comparison, performed with the use of a statistical
software package, demonstrates the ability of the models to predict the
performance of inservice pavements.

The second task involves case studies of pavement sections in four States.
Experimental. projects which included a range of variables were chosen in each of
the four climatic regions. The States selected were Minnesota (MN 1), Michigan
(MI 1), North Carolina (NC 1), and California (CA 1). These sections are
evaluated using design, drainage, and structural analysis programs to determine
the applicability and usefulness of selected available models in the design and
evaluation process. The complexity of the models and their exhaustive input
requirements necessitated the limiting of this evaluation to only these projects.
New or improved predictive models will be developed based on the results of the
previous two tasks.

The third task consists of estimating the expected performance periods of
recently constructed projects that incorporated design features to improve drainage
and reduce slab deflections. There were 15 sections included in this study that
were constructed during the past 7 years and incorporated new or innovative
design features. The performance period of these sections was estimated based on
the available predictive models. The projections take into account their
performance at the time that they were surveyed.

The fourth and final part of the analysis is an examination of the cost-
effectiveness of several new design features that were included in this study.
These include features such as widened lanes and drainable bases. Incorporating
these new or innovative features results in increased initial construction costs, but
constructing pavements with these features may result in pavements with a longer
life. Through the use of a life cycle cost analysis, these assumptions are tested.
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3. SEQUENCE OF REPORT

This report constitutes the second of six volumes covering the Phase I
research. Supplemental information central to the analysis and development of
conclusions is presented in the other volumes. Of particular interest to readers of
this volume will be volume IV, which presents project summary reports and
summary tables, and volume VI, which contains the project analysis summary
tables and a comprehensive review of numerous design models and analysis
procedures.

In this volume, chapter 2 provides a brief description of the pavement
sections included in the database, presented by environmental region. Also
included is a discussion of the design features that were evaluated. Chapter 3
presents the results of the comparison between predicted results and actual
observed results, by environmental region and model for each of the sections.

The individual analysis models are evaluated and discussed in chapter 4.
Based on that evaluation, modifications and improvements are made to the models
and are presented ih chapter 5. In chapter 6, an assessment of the cost-
effectiveness of several design features is presented. Finally, in chapter 7 the
results from this study are summarized and conclusions are presented.



CHAPTER 2 DESCRIPTION OF PAVEMENT SECTIONS

This chapter presents a broad overview of the projects included and
evaluated in the study. The description provided here is only intended to provide
a foundation for the evaluations performed in chapters 3 and 4. By introducing
the project identifications, their location, the range of variables, and the number of
sections in each project, a more complete understanding and appreciation of the
evaluations presented in chapters 3 and 4 is achieved.

More detailed descriptions of the pavement sections discussed here are
included in volume I and in volume IV. Volume IV in particular provides
detailed summaries of the design, construction, and performance of each pavement
section.

A total of 95 jointed concrete pavement sections representing the four major
climatic regions were evaluated. These pavement sections ranged from 1 year to
36 years of age. Design features evaluated include slab thickness, pavement type,
base type, joint spacing, method of load transfer, and shoulder type.

The projects can be broadly categorized into two groups: experimental and
older projects, and recently-constructed projects. The main thrust of the study was
to analyze experimental projects which were constructed to evaluate one or more
pavement design feature. Sixteen experimental projects totaling 80 pavement
sections were included in the study. Additionally, four older, single-section
projects representing "control" designs were also included.

Recently-constructed projects (1980 or newer) were included to consider the
impact and cost-effectiveness of new design features, such as permeable bases and
widened lanes, on concrete pavement performance. Eleven single-section projects
were included from this category.

A brief introduction to all of the projects follows. This introduction is
presented by environmental region to facilitate the presentations of the model
analyses in chapters 3 and 4. Projects were selected from each of the four
primary environmental regions.

1. DRY-FREEZE ENVIRONMENTAL REGION

A total of 20 pavement sections were evaluated in the dry-freeze
environmental region. This includes 17 experimental or older sections and 3
recently-constructed sections. All of these sections were located in Minnesota.

Environmental data for the projects in the region include a Corps of
Engineers Freezing Index range of 1688 to 2188, a Thornthwaite Moisture Index
range of 0 to 10, and a range in annual precipitation of 23 to 30 in (584 to 762
mm). In addition, the highest average monthly maximum temperature for the



projects in the region averaged 84 °F (29 °C), while the lowest average monthly
minimum temperatures ranged from -3 °F (-19 °C) to 6 °F (-14 °C).

Minnesota is actually located in a transition area between the wet-freeze and
the dry-freeze environmental regions, but was included in the dry-freeze zone for
purposes of categorization. However, an examination of the Thornthwaite
Moisture Index, which represents the potential amount of annual free moisture
available in an area, shows that Minnesota has values ranging from 0 to 10. This
is certainly much drier than such States in the wet-freeze environmental zone as
Michigan or New York, which have Thornthwaite Moisture Indices of 30 or more.
It should be noted that in the evaluation of the models, actual climatic indices for
each section were used.

Table 1 provides a listing of the projects included from the dry-freeze
environmental region. It is observed from the table that the pavements ranged in
age from 1 to 17 years at the time of survey (1987). Such design features as slab
thickness, pavement type, load transfer, shoulder type, and base type were
included from this region. A

2. DRY-NONFREEZE ENVIRONMENTAL REGION

- A total of 17 pavement sections were evaluated in the dry-nonfreeze
environmental region. Of those 17 sections, 14 sections were experimental or older
and 3 sections were recently-constructed. All projects were located in either
Arizona or California.

Climatic indices for the projects in the region include a Corps of Engineers
Freezing Index of 0, a Thornthwaite Moisture Index range of -10 to -30, and an
annual precipitation range of 8 to 17 in (203 to 432 mm). The highest average
monthly maximum temperature for the projects in the region ranges from 89 °F
(32 °C) to 105 °F (41 °C), while the lowest average monthly minimum temperature
ranges from 36 °F (2 °C) to 41 °F (5 °C).

A listing of the projects included in the dry-nonfreeze environmental region
is presented in table 2. The oldest sections were 16 years old and the youngest 4
years old at the time of the survey. Design features from this environmental zone
include base type, slab thickness, joint spacing, drainage, and widened lanes.

3. WET-FREEZE ENVIRONMENTAL REGION

The wet-freeze environmental region contributed by far the largest number
of sections to the study. A total of 44 pavement sections, consisting of 42
experimental or older sections and 2 recently-constructed sections, were included
for evaluation in this region. States in the wet-freeze environmental region
contributing sections include Michigan, New York, Ohio, Ontario, Pennsylvania,
and New Jersey.



Table 1.

Listing of pavement sections in dry-freeze environmental region.

Project Year Number Design
ID Location Built of Sections Feature(s)
MN 1 1-94 1970 12 Base Type
Rothsay Slab Thickness
Load Transfer
Joint Spacing
Shoulder Type
MN 2 190 1977 4 Pavement Type
Albert Lea Joint Spacing
Slab Thickness
Shoulder Type
MN 3 190 1984 1 Widened Lanes
Austin
MN 4 TH. 15 1986 1 Widened Lanes
New Ulm
MN 5 194 1969 1 Joint Spacing
Rothsay
MN 6 T.H. 15 1983 1 Widened Lanes
Truman Permeable Base
TOTAL 20



Table 2. Listing of pavement sections in dry-nonfreeze environmental region.

Project Year Number Design
ID Location Built of Sections Feature(s)
AZ 1 S.R. 360 1972- 6 Base Type
Phoenix 1981 Slab Thickness
Shoulder Type
Drainage
AZ 2 I-10 1983 1 Load Transfer
Phoenix PCC Shoulder
CA1 I-5 1971 5 Base Type
Tracy Slab Thickness
Joint Spacing
Concrete Strength
CA 2 1-210 1980 2 Base Type
Los Angeles
CA 6 Route 14 1980 1 Base Type
Solemint
CA7 I-5 1979 1 Drainage
Sacramento
CA 8 UsS. 101 1983 1 Widened Lanes
Thousand Oaks
TOTAL 17



Climatic indices for projects located in the wet-freeze environmental region
include a Corps of Engineers Freezing Index range of 25 to 1000, a Thornthwaite
Moisture Index range of 30 to 60, and an annual precipitation range of 30 to 43 in
(763 to 1092 mm). The highest average monthly maximum temperature for
projects in the region ranges from 80 °F (27 °C) to 86 °F (30 °C), while the lowest
average monthly minimum temperature ranges from 10 °F (-12 °C) to 25 °F (-4 °Q).

Table 3 provides a listing of the projects included in the study from the
wet-freeze environmental region. A range of 1 year to 36 years in project age is
noted from the table. Pavement design features in this environmental region
include base type, slab thickness, joint spacing, pavement type, shoulder type, load
transfer, drainage, joint orientation (skewed or perpendicular), and joint design.

4. WET-NONFREEZE ENVIRONMENTAL REGION

A total of 14 pavement sections, consisting of 11 experimental and older
sections and 3 recently-constructed sections, were included from the wet-nonfreeze
environmental region. California, North Carolina, and Florida contributed projects
to the study. '

Climatic indices for projects in the region include a Corps of Engineers
Freezing Index of 0, a Thornthwaite Moisture Index range of 20 to 40, and an
annual precipitation range of 44 to 59 in (1118 to 1499 mm). The highest average
monthly maximum temperature for projects in the region averages 90 °F (32 °C),
while the lowest average monthly minimum temperature ranges from 29 °F (-2 °C)
to 50 °F (10 °C).

Table 4 provides a listing of the sections included in this environmental
region. Projects range in age from 1 year to 20 years. Design features in this
region include base type, slab thickness, pavement type, load transfer, joint
orientation, and shoulder type.

5. OVERALL DISTRIBUTION OF DESIGN FEATURES

As discussed, a total of 95 pavement sections representing a wide range of
concrete pavement design features were included in the study. In order to more
fully present the overall distribution of design features, a brief discussion of
selected design features is described below.

Base Type

There were six general types of base courses that were included in the
study: aggregate (AGG), cement-treated (CTB), asphalt-treated (ATB), permeable
stabilized or permeable nonstabilized (PERM), lean concrete (LCB), and soil cement
(8C). In addition, some sections were constructed directly on subgrade without
benefit of a base course (NONE).



Table 3. Listing of pavement sections in wet-freeze environmental region.

Project - Year Number . Design
1D Location Built of Sections Feature(s)
M1 US. 10 1975 8 Base Type
Clare Pavement Type
Load Transfer
Shoulder Type
Drainage
MI 3 1-94 1986 1 Permeable Base
: Marshall Shoulder Type
M4 I-69 1970 2 Shoulder Type
Charlotte
MI 5 I-94 1984 1 Permeable Base
Paw Paw Shoulder Type
NY 1 Route 23 1968 6 Base Type
Catskill Pavement Type
Load Transfer
Joint Orientation
NY 2 1-88 1975 4 Joint Spacing
Otego Pavement T
Shoulder Type
OH 1 US. 23 1973 7 Base Type
Chillicothe Joint Spacing
Dowel Coating
OH 2 SR. 2 1974 2 Shoulder Type
Vermilion Thick Slab on Grade
ONT 1 Highway 3N 1982 4 Base Type
Ruthven Slab Thickness
Shoulder Type
ONT 2 Highway 427 1971 1 Load Transfer
Toronto
PA 1 Rte. 422 & 66 1980 5 Base Type
Kittanning
NJ 2 Route 130 1951 1 Joint Spacing
Yardyville Joint Design
NJ 3 1-676 1979 2 Base Type
Camden Joint Design
TOTAL 44
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Table 4. Listing of pavement sections in wet-nonfreeze environmental region.

Project Year Number Design
ID Location Built of Sections Feature(s)
CA3 U.S. 101 1975 3 Shoulder Type
Geyserville Joint Sealing
NC1 - 1-95 1967 8 Base Type
Rocky Mount : Slab Thickness

Pavement Type
Joint Orientation
Load Transfer

NC 2 1-85 1982 1 Load Transfer

Greensboro Shoulder Type
FL 2 I-75 1986 1 Slab Thickness

Tampa (Hillsborough)

FL 3 I-75 1982 1 Base Type.
Tampa (Manatee)

TOTAL 14

11



The distribution of base type by environmental region is depicted in figure
1. By far the most common base type were the aggregate base courses. These
were well-represented in all but the dry-nonfreeze environmental zone. There was
also a fair distribution of stabilized bases (cement-treated, asphalt-treated, soil-
cement). Permeable base sections were primarily located in the wet-freeze
environmental zone.

Slab Thickness

Slab thickness ranged from a minimum of 7.5 in (191 mm) to a maximum
of 15 in (381 mm). Thicker slabs in excess of 11 in (279 mm) were most often
constructed without a base course. The distribution of projects with slab thickness
less than 10 in (254 mm) and greater than or equal to 10 in (254 mm) is shown in
figure 2. The most common slab thickness encountered was 9 in (229 mm), which
was found on a majority of the Interstate projects.

Joint Spacing/Pavement Type

Both jointed plain concrete pavements (JPCP) and jointed reinforced concrete
pavements (JRCP) were included in the study. By nature of the design
characteristics inherent in each pavement type, a wide range of joint spacings were
encountered. However, very rarely could direct comparisons of joint spacings be
made within a pavement type, although relative comparisons of slab lengths could
be made for sections with random joint spacing.

The distribution of joint spacings by pavement type is illustrated in figure 3.
It is observed that there were no JRCP in the dry-nonfreeze zone, and only 1
JRCP in the wet-nonfreeze zone. The joint spacings for JPCP ranged from a low
of 7.75 ft (24 m) in California to a maximum of 30 ft (9.1 m) in North Carolina.
The joint spacings for JRCP ranged from a minimum of 21 ft (6.4 m) in Ohio to a
maximum of 78 ft (23.8 m) in New Jersey.

Load Transfer

Transverse joint load transfer is typically accomplished through either
aggregate interlock or mechanical load transfer devices. This study included a fair
sampling of each type. The mechanical load transfer devices most commonly used
in this study were dowel bars, although sections from New York utilized other
devices, namely ACME two-part malleable iron load transfer devices and epoxy-
coated I-beams.

The distribution of load transfer is shown in figure 4. Not surprising,
projects in the wet-freeze and dry-freeze environmental regions contained
mechanical load transfer devices more often than those projects in the wet-
nonfreeze and dry-nonfreeze environmental regions. In fact, only 1 dowelled
section was included in the study from the dry-nonfreeze environmental region.

12
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Figure 1. Distribution of base type by environmental region.
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Figure 2. Distribution of slab thickness by environmental region.
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JOINT SPACING/PAVEMENT TYPE
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Figure 3. Distribution of joint spacing and pavement type by
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METHOD OF LOAD TRANSFER
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Figure 4. Distribution of load transfer method by environmental region.
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Shoulder Type/Widened Lanes

Shoulder type was of interest in the study to compare the structural benefits
of portland cement concrete (PCC) shoulders with traditional asphalt concrete (AC)
shoulders. By providing additional support to the mainline pavement, tied PCC
shoulders are believed to increase concrete pavement life.

Along similar lines, the use of widened lanes was also investigated. Since
this design allows for an interior-loading condition, critical edge stresses are
reduced and concrete pavement life should be increased. However, there were
very few sections with widened lanes and these were relatively new.

The distribution of shoulder type is shown in figure 5. It is observed that
there were many more sections with AC shoulders, particularly in the wet-freeze
environmental region. It should be noted that the four projects with widened
lanes were grouped with the PCC shoulders for purposes of presentation.
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CHAPTER 3 ANALYSIS OF THE ACCURACY OF
SELECTED PREDICTION MODELS

1. INTRODUCTION

Over the past several years, various researchers have developed models to
predict the performance of inservice concrete pavements. However, to date the
accuracy of these models has not been extensively tested. Since accurate models
can be very useful tools for pavement design and performance prediction, it is of
great interest to know if these models are applicable to pavements other than
those from which they were developed. With the database of pavements collected
under this study (called the RIPPER study), an evaluation of the ability of the
existing models to accurately predict pavement performance can be accomplished.

The models selected for evaluation include the AASHTO design -equation
(see reference 1) the PEARDARP models (see references 3 through 5) the NCHRP
1-19 COPES models (see reference 6) and the PFAULT models (see reference 7). A
brief description and the functional form of each of the models is presented in
section 2 of this chapter. The models were analyzed through a combination of the
use of statistical procedures and a graphical examination of the results. The
statistical procedure used in this analysis is presented in section 3. The accuracy
of the models in terms of predicting the performance of the Phase I sections is
discussed in section 4.

It is important to realize that the accuracy of the existing models to predict
performance of inservice pavements cannot be determined conclusively with the
available data. It is only possible to determine whether the models are able to
predict the actual performance of the sections that are included in this database.
Until a more comprehensive database is developed which is considered )
representative of the entire population of pavements in the four environmental
regions, it is not possible to determine the overall accuracy of the models or to
develop models which accurately reflect the total population of pavements since it
is not always possible to identify nondesign (construction) related distresses.

2. DESCRIPTION OF PREDICTION MODELS

Each prediction model requires a unique set of inputs. The inputs for each
individual section were obtained from the design and construction information,
distress surveys, physical testing, and nondestructive testing. In addition, many of
the models require the user to calculate or select inputs, based on a set of
recommendations which accompany the model. A data set was created, using the
Statistical Analysis System (SAS™), which includes all of the required inputs for
each model.® The data set, containing all Phase I sections, is illustrated in table
158 of volume VI.

A brief discussion of the various models evaluated follows. This includes a
presentation of the form of the model and a listing of required inputs.
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AASHTO Design Model

The 1986 AASHTO Design Guide represents a revision of the original
AASHTO design procedure.” The basic design equation was developed from the
results of the AASHO Road Test, conducted in Northern Illinois in the late 1950’s.
The Road Test included both jointed plain concrete pavements (JPCP) and jointed
reinforced concrete pavements (JRCP). The JPCP pavements were doweled, with
15 ft (4.6 m) joint spacing and the JRCP pavements were doweled and had 40 ft
(12.2 m) joint spacing. These pavements were subjected to a fixed number of axle
loads and types over a 2-year period. Their serviceability under this loading was
monitored very closely over this 2-year period and the basic empirical design
model was developed using regression techniques for the jointed plain and jointed
reinforced pavements.

In recognition of several limitations of the basic model, several modifications
were made in 1986. New inputs were added, reflecting variables that the
developers determined were important in the design of rigid pavements. The
modified equation is presented below:

log,, [(APSI/(4.5-15))]
log(ESAL) = zg*s, + 7.35log(THICK + 1) - 0.06 +

[1 + (1.624*107/(THIcK + 1)%%)]

[M*C *(THICK®” - 1.132)]

+ (422 - 0.32°p)log, [ — ] 1
{215.63*4{THICK” - (18.42/(E,../K*®)])

where:

ESAL = Cumulative 18-kip (80 kN) equivalent axle loads expected during
the design period

2z = Standard normal deviate based on level of reliability
s, = Overall standard deviation
D = THICK = slab thickness, in
p: = Initial serviceability directly after construction
p: = Terminal serviceability at the end of the design period
APSI = Change in serviceability over the design period, = p; - p,
Mg ‘= Mean modulus of rupture, psi
- C4 = Drainage coefficient
I = J-factor
E = Concrete slab modulus of elasticity, psi

Effective modulus of subgrade reaction, pci
" indicates new variables added in 1986 revision

20



In order to use the AASHTO design equation in the analysis presented here,
the number of 18-kip (80 kN) Equivalent Single-Axle Load (ESAL) applications
required to bring the pavement to the serviceability at the time of survey will be
predicted. This concept is explained in more detail in section 4.

The AASHTO Design Guide provides some direction on the selection of
input variables. However, the allowable ranges are typically quite broad. The
criteria for the selection of input values and a brief explanation of the input
variables are presented below.

ESAL The Guide recommends that the design traffic be calculated by using the
AASHTO equivalency factors to convert mixed traffic to the equivalent
number of 18-kip (80 kN) ESAL applications. The traffic calculations
performed under this study are documented in volume V. In a design
process, the traffic would be calculated and the thickness would be
determined through use of the nomographs. However, for this analysis, the
ESAL’s are predicted based on the actual design thickness and inservice
performance of the Phase I sections.

Zy The standard normal deviate is the value on the normal distribution curve
corresponding to the level of reliability chosen. According to the Guide, the
level of reliability is based on the functional classification of the roadway.
Table 5 shows the recommended level of reliability required for various
functional classifications. However, for this analysis, a reliability of 50
percent was used since that was the level of reliability used in the
development of the original AASHO models.

S, The standard deviation in the model is an attempt to account for variability
in the overall design and construction process. For rigid pavements, the
guide recommends an overall standard deviation of 0.25 to 0.35. While the
standard deviation coefficient tries to account for the weighted variation of
all factors, the Guide recommends 0.25 if traffic data is considered accurate.
The higher end of the scale is to be used when traffic data is believed to
contain some error. Given the method of traffic calculation, a value of 0.30
was chosen for all sections for this analysis.

D Typically, the thickness is the output of the design procedure. The design
thickness of each section was used for this study.

p: The initial serviceability for all sections was assumed to be 4.5. This is the
value recommended by the Guide for new concrete pavements.

P The terminal serviceabilities were set to the serviceability of the section at
the time of survey. This was necessary in order to use the AASHTO
equation to predict the cumulative ESAL’s that the pavement had
experienced at the time of survey.
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Table 5. Recommended levels of reliability for various functional classifications.”

Functional

Recommended Level of Reliability

Classification Urban Rural
Interstate and other freeways 85 - 99.9 80 - 99.9
Principal Arterials 80 - 99 75 - 95
Collectors 80 - 95 75 - 95
Local 50 - 80 50 - 80
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APSI The change in serviceability is the initial serviceability (4.5) minus the
serviceability at the time of survey. Therefore, the ESAL’s to reach the
serviceability at the time of survey will be predicted from the AASHTO
equation.

M; The Guide recommends testing of concrete beams at 28-days using third-
point loading (AASHTO T97, ASTM C78). Adjustment of this value based
on the variability of the material and the percentage of strength gain is also
recommended. For this study, the modulus of rupture was determined
based on correlation with the split tensile strength of the material. These
values were used because very little information was available on the
strength of the portland cement concrete (PCC) at the time of construction.
Since PCC gains strength as it ages, the M from the split tensile
correlations will be somewhat larger than the 28-day M;. Also, since only
one core was retrieved from each section, the ability to accurately determine
the Mg is questionable.

C;  The drainage coefficient is determined based on the quality of drainage and
the percent of the time the pavement structure is exposed to moisture levels
approaching saturation. The recommendations presented in the Guide are
shown in table 6. The method followed for the selection of C, values is
presented in volume V.

J The J-factor accounts for the amount of transverse load transfer and edge
support that is present on a pavement section. The primary factors it
considers are the use of dowel bars and the use of tied concrete shoulders.
The recommendations from the Guide for the J-factor is presented in table
7.

E,. The Guide recommends determination of the stiffness of the material
according to ASTM C469. Relationships between the modulus of elasticity
and the compressive strength of the material are given, also. The E,. used
for this analysis was determined through the backcalculation of deflection
data.

k The effective k-value (on top of the base) is determined by correlating the
seasonal resilient modulus values to an equivalent k-value. The yearly
composite k-value is determined from the equivalent k-values and the yearly
value is then adjusted for loss of support potential and depth to bedrock.
For this analysis, the static k-value determined from backcalculation of
deflection data collected under this study was used.!

The analysis and evaluation of the AASHTO design procedure is presented
in section 4 of this chapter.

! The static k-value is one-half of the dynamic backcalculated k-value.
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Table 6. Values of the drainage coefficient for the design of rigid pavements
as presented in the AASHTO Guide.(1)

Quality of Percent of Time Pavement Structure is Exposed
Drainage to Moisture Levels Approaching Saturation
Less Than Greater Than
1% 1-5% 5-25% 25%
Excellent 1.25 - 1.20 1.20 - 1.1 1.15 - 1.10 1.10
Good | 1.20 - 1.15 1.16 - 1.10 ‘ 1.10 - 1.00 1.00
Fair - 1.15 - 1.10 1.10 - 1.00 1.00 - 0.90 0.90
Poor 1.10 - 1.00 1.00 - 0.90 0.90 - 0.80 0.80
Very Poor 1.00 - 0.90 0.90 - 0.80 0.80 - 0.70 0.70

Table 7. Load transfer coefficients for various pavement types and design
conditions as presented in the AASHTO Guide.(1

Shoulder Asphalt Tied P.C.C.

Load Transfer
Devices Yes No Yes No

Pavement Type

1. Plain Jointed

and 3.2 38-44 25-31 36-4.2
Jointed Reinforced

2. CRCP 29-32 N/A 23-29 N/A
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PEARDARP Prediction Models

As part of a comprehensive analysis on pumping of rigid pavements which

was conducted for the FHWA, prediction models were developed for pumping
and other rigid pavement distresses. A computer program entitled PEARDARP
was developed which includes these models as well as economic analysis models.
Performance prediction models which are incorporated into the PEARDARP
program include models to predict pumping, faulting, cracking, spalling,
roughness, and serviceability. The models were developed from various sources of
data and the exact database used is a function of the particular model in question.
A brief discussion of the origins of each model follows.

1.
2.

The spalling model was developed from data from the Michigan Road Test.

The serviceability model included in PEARDARP are those developed at the
AASHO Road Test for the Present Serviceability Index.

The roughness model was developed from the serviceability model
developed in ‘the Zero-Maintenance study, which was based on AASHO
Road Test data.”” The serviceability model was modified using roughness
measurements from AASHO Road Test data.

The pumping model is mechanistic-empirical in form. It is based on
AASHO Road Test data and the mechanistic analysis of slab properties.
The model was modified to correct some of the inherent problems with the
AASHO Road Test data. Correction factors were developed to consider the
effects of climate, subbase type, subgrade type, dowels, and subdrainage.
These correction factors were developed based on equations developed by
Rauhut.® A large experimental matrix considering all factors in the Rauhut
equations was developed and the matrix was filled by using these
equations. Regression analysis, employing the experimental matrix data,
was used to develop the models. A detailed discussion on the development
of this model is presented in reference 3.

The cracking model included in PEARDARP is a modified version of a
model developed under the Zero-Maintenance study.? The Zero-
Maintenance cracking model was developed from a database of inservice
pavements supplemented by mechanistic analysis of edges stresses
developing in rigid pavement slabs. This model was modified to include
the effects of base type on fatigue cracking of rigid slabs.

The faulting model was developed by Packard." A normal distribution
function was added to the model to generate the number of faulted joints
beyond specified tolerance levels for rehabilitation estimation purposes.

The actual models for each distress type are presented below.
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Spalling Model

The PEARDARP spalling model is shown below:
Fs=1-e¢ %09 2)

where:

fraction of joints spalled
0.0000162 A 3°%¢
transverse joint spacing, ft
pavement age, years

>l

The inputs to this model are all readily available from the field and office data
collection activities, as summarized in volume IV. In the case of a pavement with
variable joint spacing, the average joint spacing was used as the input.

PSI Model

The model for present serviceability (PSI) is the same model as was
developed at the AASHO Road Test. It is shown below:

PSI = 541 - 1.80 log (SV + 1) - 0.09 (C + P)*® (3)
where:

PSI = Present Serviceability Index
SV = slope variance (radians® X 109
= SVR + SVF
C = linear cracks, lin ft/1000 £
P = patched area, sq ft/1000 ft’

and
SVR = 0.000145 R**®
SVF (0.00159/)) * F17
F = average faulting, in
R = roughness, in/mi

In the original equation for the PSI, slope variance was a roughness term that was
obtained from measurements made with a CHLOE profilometer. This input has
been estimated from measurements of average faulting and roughness (measured
by the Mays Ride Meter), as shown above. It should be noted that this equation
is very sensitive to changes in the roughness term, and fairly insensitive to
changes in the cracking and patching terms.

Roughness Model

The PEARDARP model for roughness is:
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R = 360 - 216 [ 15-(1 + e B/PX)1 4 (1 4 o ZESAL- B/PX)-I] @

where:
R = roughness, in/mi
B = -50.088 - 3.775*D + 30.644*D°*
p =-6.697 + 0.139*D*
x = 101.774Y
410g(8.789 DO72/F) + 0.359
Y =log [ ( M:/690 ) ]
4*log(Z°® (0.54 D**/F)) + 0.359
F = (3056 + D))" - 0.675D
Z =E/k
D = slab thickness, in
E = modulus of the slab, psi
k = effective modulus of subgrade reaction, pci
M; = mean 28-day modulus of rupture, psi

R
ZESAL = cumulative 18-kip (80 kN) equivalent single axle loads, millions

An examination of the inputs for this roughness model shows that it is a
function of the slab thickness, slab strength, and support values, and the
cumulative ESAL’s. These values were obtained during the data collection
activities and through backcalculation procedures described elsewhere.

Pumping Models

There are several models developed under PEARDARP for pumping. They
were all developed from data collected at the AASHO Road Test, supplemented
with data generated from equations developed by Rauhut.® The first model
calculates a "normalized” pumping index. It has been normalized to handle
conditions that were not present at the AASHO Road Test, including different
traffic loadings, subbase materials, drainage conditions, load transfer, moisture, and
subgrade types. The second model uses the normalized pumping index to
calculate a volume of pumped material per mile. The third model incorporates
the previous two models and combines them with an average volume of the void
space to estimate the amount of material required to underseal the void. These
models and a description of the variables follows.

NPI =F * ¢ [-2:884 + 1.652 log(SESAL*DE/10,000)] 5)
P = 36.67 * NPI 6)
PU =P+ (I *nP) @
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where:

NPI = normalized pumping index, in®
DE = deformation energy per application, in-lb

log(DE) = 3.5754 - 0.3323*D
P = volume of pumped material, ft’/mi
PU = volume of underseal material required, f*/mi
nP = number of pumping joints per mile
nP = P/vvoid
vvoid = average void volume per joint, ft’
D = slab thickness, in
TESAL = cumulative 18-kip (80 kN) equivalent single axle loads, millions
F = fpcp, if nonreinforced PCC
= fircp, if reinforced PCC
f]pcp =g *fg* i * fprec * fsg
w = subbase adjustment factor
= 1.0, for granular material
= 0.65 + 0.18log(ZESAL), for stabilized material
f, = drainage adjustment factor
= 1.0, for poor drainage
= 0.91 + 0.1210g(ZESAL) - 0.03*D, for fair drainage
= 0.68 + 0.15l0g(ZESAL) - 0.04*D, for good drainage
= 0.01, for excellent drainage
f, = load transfer adequacy adjustment factor
- = 1.0, with dowels
= 1.17 + 0.68log(ZESAL) - 0.078*D, without dowels
fr = rainfall adjustment factor

0.89 + 0.26log(ZESAL) - 0.07*D, for dry climates
= 0.96 - 0.06log(ZESAL) + 0.02*D, for wet climates
f, = subgrade adjustment factor
= 1.0, for coarse subgrades
= 0.57 + 0.21log(XESAL), for fine subgrades
f]ch = fgo * f.
f,, = subbase adjustment factor
= 1.0, for nonstabilized subbase
= 0.91 - 0.02*D, for stabilized subbase
f, = adjustment for climate
= 0.011 + 0.003log(ZESAL) - 0.001*D, for a dry, warm climate
= 1.44 - 0.03log(ZESAL) - 0.06*D, for a wet, warm climate
= 1.04 - 0.32log(ZESAL) - 0.08*D, for a dry, cold climate
- = 0.54 - 0.85l0g(ZESAL) + 0.19*D, for a wet, cold climate

~ An examination of the pumping models shows them to be a function of
accumulated ESAL’s, thickness, subbase type, drainage conditions, climatic
conditions, load transfer, and pavement type. Joint spacing, and therefore the
number of joints per mile, is not included, although outputs include the volume of
pumped material per mile and the volume of underseal material required per mile.
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It is not known how this relationship between the number of pumping joints per
mile is related to the actual number of joints in a mile.

These pumping models cannot be used to make a direct comparison
between the predicted values from the models and the actual, measured values.
In this project, pumping was evaluated in the field by severity, not volume,
ranging from "NONE" to "HIGH." Low severity pumping is defined as there
being evidence of water pumping, but no fines visible on the shoulder. Medium
and high severity pumping are differentiated by the presence of fines on fewer
than or more than 20 percent of the joints. These ratings do not readily
correspond to cubic volumes of pumped material.

Cracking Model

The PEARDARP model for slab cracking is:
CR = (DA/4000) * 2 * 5280/63.35 (8)

where:

DA = e(amn(al + a2"]og(ZESAL) + a3*D + ad*kR)*6)

a, = 39.006
a, = 3941
a; = -4.387
a, = -0.0036

for stabilized materials,

log(k) = 0.7405log(D) + 0.7256log(k) + 0.5559, and
k -

R = B¢
for nonstabilized materials,

log(k) = 0.3483log(D) + 0.8163log(k) + 0.8163, and
kR = 1.7 * ].(c

and where:

DA = damage area per joint, in?
CR = length of crack, lin ft/1000 ft2
(ZESAL) = cumulative equivalent 18-kip (80 kN) single axle loads, millions
D slab thickness, in
k = modulus of subgrade reaction, pci
k. = composite modulus of slab support (on top of the base), pci

The amount of linear transverse cracking, expressed in terms of lin ft/1000 ft, is
modeled as a function of cumulative ESAL’s, slab thickness, and the composite
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modulus of slab support. The subgrade reaction is shown to differ for stabilized
and nonstabilized base materials. These inputs were all collected during either the
data collection or field surveys. The modulus values were backcalculated from
deflections measured with the Falling Weight Deflectometer (FWD).

Faulting Models

There are two PEARDARP models to predict transverse joint faulting.
These models predict faulting for nondoweled and doweled pavements
respectively.

Fravg = (129 + (K, * (T * AY) * £5)/32.0 9
Fd-avg = fd * Fn-avg (10)
where:
Fpayg = average faulting for nondoweled pavements, in
Fy... = average faulting for doweled pavements, in
K = [4895 * S™© (] - 13.5)°]/D*
T = (ZVOI * pt)/ n
A = age, years = n
f, = subdrainage factor
= 0.1, if subdrainage is excellent
= 0.6, if subdrainage is good
= 1.0, if subdrainage is fair
= 1.4, if subdrainage is poor
S = subgrade drainage
= 1, if subgrade drainage is good
= 2, if subgrade drainage is poor
] = slab length, ft
b = 0.241 for granular subbase
= 0.037 for stabilized subbase
D = slab thickness, in
Vol = cumulative traffic volume in one direction, millions
p. = proportion of trucks in the design lane

In these models, faulting is a function of many variables, including
subgrade drainage, joint spacing, slab thickness, pavement age, pavement
subdrainage, and traffic volume and the proportion of that volume that is trucks.
Subgrade drainage and pavement subdrainage are both subjective inputs. The
subgrade drainage was determined as a function of subgrade type; AASHTO soils
A-1 through A-3 were determined to have good drainage properties and A-4 to A-
7 were determined to have poor drainage properties. The subdrainage factor was
determined by coordination with the AASHTO C, drainage values and
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permeabilities of the drainable layers. The remainder of the inputs were obtained
from the field surveys and data collection activities.

COPES Prediction Models

Under NCHRP Project 1-19, termed the COPES study, a large amount of
design and performance data was collected from rigid pavement sections in seven
States.® The collected information included inventory data and monitoring data
for JPCP, JRCP, and CRCP, totalling 410 individual sections and 1297 lane miles.
The data was stored in a database and used to develop models predicting the
performance of concrete pavements. The steps involved in the development of the
prediction models are described below.

Nationwide regression models were developed for JPCP and JRCP based on
the data from the seven States. These models were developed for transverse joint
faulting, transverse joint deterioration (spalling), slab cracking, pumping, and the
Present Serviceability Rating (PSR). A combination of multiple linear regression
and nonlinear regression techniques were used to develop the models. Multiple
linear regression was used to determine which independent variables significantly
affected the dependent variables.

The pavement designs that are included in the database are typical of
pavements constructed during the 1960’s and 1970’s. These models are only
legitimately extendable to pavements with similar designs. The database did not
include pavements with such features as open-graded drainage layers, widened
lanes, corrosion-resistant dowel bars, or thickened slabs.

The models for both pavement types, as well as the model statistics, are

presented below by distress type. In order to avoid duplication, only previously
undefined variables are defined for each equation.

IPCP Pumping Model

PUMP= ESAL™® [-1.479 + 0.255%(1-SOILCRS) + 0.0605*SUMPREC®3

+ 52.65/(THICK)" + 0.0002269*FI'2* ] (11)
where:
PUMP = pumping
= 0, no pumping
= 1, low severity pumping
= 2, medium severity pumping
= 3, high severity pumping
ESAL = accumulated 18 kip (80 kN) equivalent single axle loads, millions
SOILCRS = 0, fine-grained subgrade soil
= 1, coarse-grained subgrade soil
SUMPREC = Average annual precipitation, cm
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THICK = Slab thickness, in
FI = freezing index

R? = 0.68
SEE = 042
n = 289

Pumping severity is measured as the average amount of pumping occurring
throughout the pavement section. The statistical information indicates that the
model accounts for 68 percent of the variability in the development and prediction
of pumping. The standard error of the estimate (SEE) indicates that the model
will predict pumping within + 0.42 for the specified confidence level (typically 95
percent). For this model, there were 289 observations which were used in the
development of the model.

Each of the inputs required for this model are very straightforward and
easily obtained from the office and field data collection.

JRCP Pumping Model
PUMP= ESAL%" [-22.82 + 26102.2 /(THICK 50 - 0.129*DRAIN

- 0.118*SOILCRS + 13.224*SUMPREC*®”*

+ 6.834(FI+1)%%%% ] (12)
where:

DRAIN = 0, if no subdrainage exists
= 1, if subdrainage exists
R’ = 0.57
SEE = 0.52
n = 481

With the exception of the subdrainage, the other inputs for the JRCP model
are the same as described for the JPCP model. It is observed that the pumping

model for JRCP has more variability associated with it then does the pumping
model for JPCP.

JPCP _Joint Faulting Model

FAULT =ESALY* [-0.2980 + 0.2671*THICK*** - 0.0285*BASETYP +
0.00406*(ET + 1)°* - 0.0462*EDGESUP + 0.2384*(PUMP + D™ -

0.0340*DOW?%¥] (13)
where:
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FAULT
BASETYP

mean transverse joint faulting, in

0, if granular base

1, if stabilized base
EDGESUP 0, if AC shoulder

1, if tied PCC shoulder

PUMP 0, if no pumping
1, if low severity pumping
2, if medium severity pumping
3, if high severity pumping
diameter of dowel bar, in

DOW

R* = 0.79
SEE = 0.02
n = 259

The inputs for this model are all straightforward and are easily obtained
from the field surveys and data collection.

JRCP Joint Faulting Model
FAULT =ESAL%"™[-3.8536 - 1.5355*SOILCRS + 197.124*(THICK*DOW?9)17%2
+ 0.00024*FI + 0.09858JSPACE + 0.24115*PUMP*]/100 (14)
where:

JSPACE = transverse joint spacing, ft

R? = 0.69
SEE = 0.06
n= 384

The inputs for this model are also readily obtained from the data collected during
the field surveys and office data collection. As the R? shows, this model does not
account for as much of the variability in the prediction of faulting of JRCP
pavements as does the JPCP model.

JPCP Joint Deterioration Model

The joint deterioration models predict spalling of the transverse joints. The
joint deterioration model for JPCP is shown below.

DETJT =AGE" (0.9754*DCRACK) + AGE**(0.01247*UNITUBE) +
AGE**(0.001346*INCOMP) (15)

where:
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DETJT
AGE
UNITUBE

number of deteriorated (medium and high severity) joints/mile
time since construction

0, if no unitube inserts used

1, if unitube inserts used

0, if no incompressibles are visible in the joints

1, if incompressibles are visible in the joints

INCOMP

R? =059
SEE = 16 joints/mi
n = 252

o

TRCP Joint Deterioration Model

The joint deterioration model for JRCP is shown below.

DETJT = AGE"*(2.4367*DCRACK + 2.744*REACTAQG) +
AGE**ESAL™*%(0.05202 + 0.0000254*FI + 0.01109*T]SD -
0.003384*K1*JTSPACE - 0.0006446*K2*JTSPACE) (16)

where:
DCRACK 0, if no "D" cracking exists

1, if "D" cracking exists

0, if no reactive aggregate exists
1, if reactive aggregate exists
transverse joint seal damage

0, if none or low severity

1, if medium or high severity
1, if JTSPACE is 27 ft
0, if JTSPACE is not 27 ft
1,
0,

REACTAG
TJSD

K1

«

wonowonn o

if JTSPACE is from 39 to 100 ft
if JTSPACE is less than 39 ft

R? =061
SEE = 15 joints/mi
n =319

These models show the enormous impact that "D" cracking or reactive
aggregate has on the probability of the pavement exhibiting spalling. Other factors
which influence the predicted joint deterioration are the age and traffic loadings,
the joint spacing for JRCP, and the climate for JRCP. However, the statistics show
that a little over one-half of the variability in the development and prediction of
joint deterioration is accounted for by the models’ variables and interactions
between the variables. All of the inputs were readily available from the data
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collected. There were not any sections included in this study whose transverse
joints were formed by unitubes. :

JPCP Slab Cracking Model

The slab cracking models provide the total amount (both longitudinal and
transverse) of cracking in ft/mi. Traffic is a major factor in the JPCP slab cracking
model. In addition, the ratio of the calculated Westergaard’s edge stress to the
modulus of rupture is also a key term. This term does not appear in the cracking
model for JRCP. Other variables in the JPCP model are subgrade type and
climatic inputs.

CRACKS = ESAL*®[3092.4(1 - SOILCRS)*RATIO™] +
ESAL*(1.233*TRANGE*RATIO™®) +

ESAL*¥%(0.2296*FI'*RATIO™) (17)
where:
CRACKS = total length of cracking of all severities (ft/lane mi)
RATIO = Westergaard's edge stress/mean 28-day modulus of rupture
TRANGE = difference between average maximum temperature in July and
average minimum temperature in January
R*= 0.69
SEE = 176 ft/mi
n = 303

JRCP Slab Cracking Model

The JRCP slab cracking model includes several variables that are not in the
JPCP model. These are the transverse joint spacing, the area of the reinforcing
steel, the slab thickness, the base type, and the presence of pumping.

CRACKS = ESAL**[7130.0TSPACE/(ASTEEL*THICK"Y)] +
ESAL(2.281*PUMP*®) + ESAL?**[1.81/(BASETYP + 1)] +

AGE"[0.0036(FI + 1)°3] (18)
where:

CRACKS = lengfh of deteriorated (medium and high-severity) cracks, ft/lane mile
ASTEEL = area of reinforcing steel, in?/ft width

R* =041
SEE = 280 ft/mi
n = 313
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The statistics show that about 70 percent of the variability involved in the
development and prediction of cracking on JPCP is accounted for in the variables
and interaction between the variables within the equation. The JRCP equation
accounts for only 40 percent of this variability.

All of the inputs for both cracking models were easily obtained from the
field surveys or from the office data collection activities.

JPCP _Present Serviceability Rating (PSR) Model

The PSR is a subjective rating of the serviceability of a pavement. This
concept was originally developed at the AASHO Road Test, and was based on the
philosophy that roads should provide acceptable service to the users. Panels of
users were asked to rate the pavements at the AASHO Road Test for ride comfort.
The PSR is the mean rating of a panel of users and provides an indication of the
overall rideability of a roadway on a scale of 1 to 5.

The JPCP model for PSR is based on traffic, the ratio of Westergaard’s edge
stress to the modulus of rupture, the pavement’s age, and climatic inputs. None
of the inputs to this serviceability model were obtained from the field surveys;
they were all provided from the office data collection.

PSR = 4.5 - 1.486*ESAL**’ + (0.4963*ESAL"*RATIO® -

0.01082*ESAL***(SUMPREC"'/ AVGMT**)*AGE*** (19)
where:
PSR = present serviceability rating

SUMPREC = average annual precipitation, cm
AVGMT = average monthly temperature, °C

R*= 0.69

SEE = 0.25

n = 316

JRCP Present Serviceability Rating (PSR) Model

The JRCP model for the PSR is very similar to that for JPCP. It does
include some additional factors such as the presence of materials distress and
pumping. These inputs were provided from the field surveys. The other inputs
to this model are obtained from the office data collection.

PSR = 4.5 - ESAL’?(-1.88*10° + 14.417*RATIO**® + 0.0399"PUMP +

0.0021528*JTSPACE + 0.1146*DCRACK + 0.05903*REACTAG +

4.156*105**FI + 0.00163*SUMPREC - 0.070535*BASETYP) (20)
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R%= 0.78
SEE = 0.30
n =377

The statistics indicate that 70 to 80 percent of the variability involved in the
prediction of PSR is accounted for by the variables and the interaction of the
variables included in the model.

PFAULT Faulting Prediction Models

In an effort to improve the faulting models developed under the COPES
project, the COPES database was expanded to include additional data from
California (24 sections), New Jersey (1 section), and Michigan (1 section). The
resulting faulting model was termed PFAULT.” The PFAULT model also reflects
additional data collected from the 1-94 experimental sections at Rothsay, Minnesota
AMN 1). Whereas the original models developed from the COPES data were
divided into JPCP and JRCP pavements, the PEAULT models are divided by
doweled and nondoweled pavements. The PFAULT prediction models for faulting
are as follows:

Doweled Jointed Concrete Pavements

PFAULT = ESAL**” [2.2073 + 0.002171*BSTRESS™*™® +

0.0003292*JTSPACE™™™® - 2.1397*KV ALUE""3%] (21)
R? =0.53
SEE =0.05 in
n =280

Nondoweled Jointed Concrete Pavements

PFAULT = ESAL** [0.4531 + 0.3367*OPENING’*2 -

0.5376*(100 DEFL)®*®%” + 0.0009092*FI**** + 0.004654*ERODF -

0.03608*EDGESUP - 0.01087*SOILCRS - 0.009467*DRAIN] (22)
R? =0.55

SEE =0.03 in
n =186

where:
PFAULT = mean faulting of transverse joints, in -

ESAL = accumulated equivalent 18-kip (80 kN) single axle loads in traffic lane,
millions
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BSTRESS = dowel/concrete bearing stress, psi, calculated using Friberg’s
procedure with an effective length of I instead of 1.8] (where [ is the
radius of relative stiffness)

JSPACE = transverse joint spacing, ft
KVALUE = effective k-value on top of the base layer, psi/in
OPENING = calculated joint opening for input temperature range, in
= CON JSPACE*12 [a TRANGE + e]
CON = adjustment factor due to subbase/slab frictional restraint (0.65 for
stabilized base and 0.80 for granular base)
a = thermal coefficient of contraction of PCC, per °C
TRANGE = temperature range, °C (maximum mean daily air temperature in July
minus minimum mean daily air temperature in January)
e = drying shrinkage coefficient of PCC (0.5—2.5 x 10* strain)
DEFL = unprotected corner deflection from Westergaard’'s equation, in
FI = Freezing Index, degree days below freezing
ERODF = erodibility factor for base materials

0.5, if lean concrete base

1.0, if cement-treated base with granular subbase

1.5, if cement-treated base without granular subbase

2.0, if asphalt-treated base

2.5, if granular base

if no tied concrete shoulder exists

EDGESUP =0,
1, if tied concrete shoulder exists
SOILCRS = AASHTO subgrade soil classification
0, if A-4 to A-7
1, if A-1 to A-3
0, if no longitudinal edge subdrains exist
1, if longitudinal edge subdrains exist

DRAIN

As is shown above, there are a number of factors that were found to have
an effect on faulting in these models. The nondoweled model includes eight
variables. The values for these variables were all obtained from data collected
during the field and office data collection procedures. The doweled model
consists of four variables, also obtained from the field and office data collection
procedures. :

While these models were developed to improve the faulting prediction
capabilities based on the COPES data, the statistics show that these models
actually account for less variability than do the original COPES models. However,
the PFAULT equation does attempt to introduce mechanistic variables believed to
be important for the development of faulting. Nevertheless, the PFAULT models
are still heavily empirical and should not be used beyond the ranges and the
combination of inputs for which they were developed. For example, they can not
be used to predict faulting for pavements with an open-graded drainage layer
directly beneath the slab or which contain corrosion-resistant dowel bars.
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3. STATISTICAL ANALYSIS OF PREDICTION MODELS

In order to analytically determine the ability of the models to predict the
actual performance of the pavements contained in the RIPPER database, a
statistical procedure is followed which determines whether the two data sets, the ..
actual (observed) values and the values predicted from the models, are statistically -
the same data set. The paired-difference method, using a student t-distribution, is
used to determine if the performance indicator (visible distress, faulting, roughness,
and PSR) as predicted by the predictive models is statistically the same population
(data set) as the actual, measured performance indicator. .

The SAS™ statistical software was used to compare the actual, field-
measured performance indicator to the performance indicators as predicted by the
various predictive models.® The paired #-test was conducted to examine the
statistical similarity of the data sets. The paired t-test assumes the following
methodology: '

1. For each section, the absolute value of the difference between the
measured performance indicator (field data = PI) and the predicted
performance indicator (predictive model = PMP]) is calculated as shown
below:

DIF;; = abs [PI - PMPI] (23)

Note that if the predictive models exactly predict the measured
performance indicator (PI = PMPI), then DIF, will equal 0.0 for every
section.

This concept is illustrated in table 8 using the COPES faulting models
with sections in the dry-freeze region. -

2. The mean of the DIF, (d; = X[DIF,]/Number of observations) values
for all sections is calculated. - The null hypothesis to be tested is:

dPI = 0.0.
This hypothesis assumes that the mean difference of the measured and
predicted performance indicator values is 0.0 or, in other words, that
the sample of field-collected performance indicator data comes from the
same population as the sample of data generated by the predictive
models.
3. The one-sample t-statistic is calculated using the following:

39



Table 8. Actual field-measured faulting versus faulting as predicted using the

COPES faulting models for the dry-freeze region.

Measured Predicted
ID Faulting Faulting Difference

MN 1-1 0.31 0.11013 0.19987
MN 1-2 0.06 0.03139 0.02861
MN 1-3 0.31 0.11624 0.19376
MN 14 0.06 0.04819 0.01181
MN 1-5 0.37 0.13754 0.23246
MN 1-6 0.00 0.04819 0.04819
MN 1-7 0.31 0.13144 0.17856
MN 1-8° 0.06 0.03139 0.02861
MN 1-9 037 0.07583 0.29417
MN 1-10 0.13 0.03139 0.09861
MN 1-11 0.50 0.08194 0.41806
MN 1-12 0.06 0.04819 0.01181
MN 2-1 0.06 0.06382 0.00382
MN 2-2 0.06 0.07003 0.01003
MN 2-3 0.05 0.02578 0.02422
MN 24 0.06 0.02578 0.03422
MN 3 0.02 0.01794 0.00206
MN 4b 0.01 0.08775 0.07775
MN 5 0.09 0.03831 0.05169
MN 6a 0.01 0.02335 0.01335

Analysis Variable : DIFCFLT

No. Obs Mean Difference Standard Error b Prob> ¢, |

20 0.0980837 0.0260088 3.7711794 0.0013
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Where:

-t = t-statistic calculated from data
dp; = Mean of DIF, values
SE, = Standard error of the mean = s,/(n)*
n = Number of observations

s; = Standard deviation of DIF, values
= [E(DIFH - dpz)/(n - 1)105
4. The calculated t-statistic (t,,) is compared to a tabulated t-statistic

(tuu) for a specified confidence level. If t,, > t,,, then the null
hypothesis is rejected with a 10 percent chance of error since the
confidence level selected for this analysis is 90 percent. If the null
hypothesis is rejected, then it can be inferred with 90 percent confidence
that the sample of predicted performance indicators (from the models) is not
statistically from the same population as the sample of measured performance
indicators.

5. The data are plotted on scattergrams to visually examine the scatter
of the data. The actual, measured value of the performance indicator
is plotted against the predicted value. If all the models predict the
measured performance indicator exactly, then all of the data will fall
on a straight line with a slope of 1.000 (which is shown in each
figure). An example of a scattergram using the COPES faulting

‘models with sections in the dry-freeze region is shown in figure 6.

4. ABILITY OF MODELS TO PREDICT THE PERFORMANCE OF
INSERVICE PAVEMENTS

The accuracy of the predictive capabilities of each of the models was
compared for each of the four climatic zones as well as for all of the Phase I
sections. This distinction by climatic zone was made to assess the effect that
climate had on the models’ capabilities. While there were 95 different sections, the
separation of sections by direction for the Ontario 1 project increased the total
number of sections to 99.

The evaluation of the models’ abilities to predict the performance of the
concrete pavement sections included in this study required the generation of many
tables and figures which depict actual versus predicted performance trends for
each model. In addition, further breakdowns for each model, such as by climatic
region, by pavement type, or by load transfer method, had to be performed. In
order to maintain continuity, only summary tables reporting the ability of each
model to predict performance are provided in this report. The supporting tables
and figures, along with the SAS™ data set used in the analysis, are provided in
volume VI Also included there is a summary table listing all inputs used for the
analysis of each pavement section.
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COPES Faulting Models
Dry-Freeze Region
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Figure 6. Scattergram of actual field measured faulting versus faulting
as predicted using the COPES faulting models for the dry-freeze region.
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AASHTO

The AASHTO design equation is used differently for this analysis than it
would typically be used in design. In design, the engineer determines the design
thickness based on the forecasted traffic over the design life. The design life is
based on a specific change in serviceability (APSI). In this analysis, the thickness
of a specific section is known and the cumulative ESAL’s are calculated. The APSI
is calculated as the difference between the initial serviceability (assumed to be 4.5)
and the serviceability at the time of survey (PSR,,..,). Therefore, the design
equation will predict the amount of ESAL’s that the pavement should have
sustained (if the equation predicts accurately) to reach a APSI of 4.5 - PSR,,..,-

Five sets of analyses were performed to examine the ability of the model to
predict the amount of traffic actually sustained by each section. An analysis
containing all Phase I sections was performed to determine the predictive ability of
the model for the entire data set. Additional analyses were performed for each of
the four environmental regions.

The summary of the statistical analysis is presented in table 9. It is
observed that t,. is greater than t,, for every data set, which indicates that the
AASHTO model does not adequately predict the ESAL’s actually sustained by the
pavement sections included in the study. This holds true when considering any
environmental region.

The basis for the results shown in table 9 is provided in tables 65 through
69 of volume VI. These tables make the comparison of actual ESAL’s and
predicted ESAL’s for each data set. Figures 17 through 21 of volume VI prov1de
graphical interpretations of the data provided in the tables.

Examining table 65 and figure 17 of volume VI for the analysis performed
on all Phase I sections, it is observed that, in general, the AASHTO design
equation overpredicts the number of loads for the pavement to reach its present
PSR. Tables 66 through 69 and figures 18 through 21 of volume VI show the
predicted ESAL’s versus the actual ESAL’s for each of the four climatic zones. It
is clear from these figures that the model generally overpredicts traffic. This is
most obvious in the wet-freeze region, where the predicted ESAL’s are almost
uniformly higher than the actual ESAL’s. This suggests that the combination of
available moisture and freeze-thaw cycling are not adequately considered in the
AASHTO design process. However, this is not surprising given the fact that the
model is based on only two years of performance results. This short period of
time was inadequate to sufficiently account for environmental effects on pavement
performance.

An examination of these results highlights the fact that one of the key terms
in the AASHTO model is serviceability loss. This change in serviceability can
occur prematurely due to materials problems, design problems, construction
problems, and unexpectedly harsh climatic conditions. These factors are typically
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Table 9. Summary of the statistical analysis of the AASHTO design model.

Number of Adequately Predict
Data Set Observations  #,, P b o>t ot Performance?
All Phase I 99 5.288 1.670 YES NO
Dry-Freeze 20 4.871 1.729 YES NO
Dry-Nonfreeze 17 2915 1.746 YES NO
Wet-Freeze 48 3.596 1.680 YES NO
Wet-Nonfreeze 14 2.660 1.771 YES NO

* t... based on 90 percent confidence level.



not considered in design. In addition, while an average initial PSI of 4.5 was
assumed, many of these projects may have had a much lower initial PSL

Pavements included in this project have, with few exceptions, carried a
lower traffic level. An examination of the traffic loadings sustained by these
pavement sections indicates that two sections had over 35 million ESAL'’s, eight
sections had over 9 million ESAL’s, and the rest averaged about 3 million ESAL’s.

Another factor to consider is that many of the projects included in the
database were experimental projects intended to test the effect on performance of
different design variables. It is inevitable that some of the experimental designs
did not work. Since the database is oriented much more toward experimental
designs than toward standard designs, it is not unexpected that there are
differences between predicted traffic and actual traffic. For example, consider
specific experimental variables, such as thicker slabs on grade. An examination of
the AASHTO equation shows that thicker slabs dramatically increase the number
of predicted ESAL’s. However, the actual performance of the thicker slabs in the
database showed that other factors were important, including drainage, the depth
of longitudinal sawcut, and joint spacing.

This same principle can be applied to the sections which include widened
lanes. It is believed that the inclusion of widened lanes or tied shoulders will
increase the fatigue life of a jointed concrete pavement. However, this study
showed that in order to reap the full benefits of this additional support, other
factors were important, including spacing of tie bars, and method and timing of
longitudinal joint formation. It is not sufficient to account for a variable in the
design equation, such as the additional support from tied shoulders or widened
lanes which is incorporated in the J-factor, if that variable is not properly designed
or constructed. A final example of this concept is the use of dowel bars at
transverse joints; if the dowels are not corrosion-resistant or of insufficient
diameter, than the full benefits of the dowel bars will not be realized.

Another factor that is not considered in the AASHTO equation but was
found to affect performance is the transverse joint spacing. It was shown that
longer plain concrete slabs tended to experience more cracking than shorter slabs.
This results in a drop in PSIL

Base type is considered indirectly in the AASHTO equation two ways.
First, the k-value incorporates the relative stiffness of the base, allowing
differentiation between aggregate and lean concrete bases, for example. The
drainage coefficient incorporates the drainability of the base layer, which allows for
differentiation between a dense, impermeable base layer and an open-graded,
permeable base layer. However, the equation does not take into account the
additional slab cracking that was observed on some of the stiff bases, or the
suspected clogging or other design problems associated with some of the
permeable layers.
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PEARDARP

Each of the models for PSI, roughness, spalling, faulting, and cracking was
used to predict performance for all sections and by climatic zone. The results of
the comparisons of the predicted and the actual performance are summarized
below for each model.

PSI Model

Table 10 provides the summary of the statistical analysis of the PEARDARP
predictive models, including the model for PSI. This table shows that the
PEARDARP PSI model does not adequately predict the actual PSI for any of the
pavement sections included in the study from the various environmental regions.

The comparison of predicted PSI versus actual PSR for all of the sections is
illustrated in table 70 and figure 22 of volume VI. It is observed that the
PEARDARP PSI model overpredicted PSI for almost 90 percent of the sections
included in the study. The actual PSR’s ranged from 2.5 to 4.8 while the
predicted PSI’s ranged from 3.3 to greater than 5.0. Since the maximum PSR
achievable is 5.0, and since the PSR of new concrete construction rarely approaches
a value of 5.0, the fact that the model yields unattainable results is certainly a
deficiency of the model. The model predicted a PSI of 4.8 or higher on almost 15
percent of the sections. An examination of the model shows that if there is very
little faulting or roughness, as might be found in a new pavement, than the PSI
will tend to be very high.

When the comparison between predicted PSI and actual PSR is made by
climatic zone (tables 71 through 74 and figures 23 through 26 of volume VI), the
model again consistently overpredicts the results. Overall, the predicted values
were closer to the actual values in the zones without freezing.

Roughness Model

The statistical analysis of the PEARDARP roughness model is summarized
in table 10. The results indicate that the roughness model is not able to
satisfactorily predict the measured pavement roughness for the pavement sections
included in this study.

Supporting documentation for this table is shown in tables 75 through 79
and figures 27 through 31 in volume VI. The model was least capable of
predicting actual roughness for all of the Phase I sections considered together,
where most of the error was in the overprediction of roughness (table 75 and
figure 27 of volume VI). Examining the data by climatic zone, (tables 76 through
79 and figures 28 through 31 of volume VI), the model always overpredicted in
the nonfreeze zones, while no clear trends were observed for the freeze zones.



Table 10. Summary of the statistical analyses of the PEARDARP

prediction models.

Number of Adequately Predict
Data Set Observations £, b b o>t b Performance?
PSI
All Phase I 99 17.276 1.670 YES NO
Dry-Freeze 20 7.995 1.729 YES NO
Dry-Nonfreeze - 17 6.509 1.746 YES NO
Wet-Freeze 48 12.047 1.680 YES NO
Wet-Nonfreeze 14 7.120 1.771 YES NO
ROUGHNESS
All Phase I 99 16.882 1.670 YES NO
Dry-Freeze 20 8.162 1.729 YES NO
Dry-Nonfreeze 17 9.233 1.746 YES NO
Wet-Freeze 48 10.828 1.680 YES NO
Wet-Nonfreeze 14 13.429 1.771 YES NO
SPALLING
All Phase I 99 11.474 1.670 YES NO
Dry-Freeze 20 6.924 1.729 YES NO
Dry-Nonfreeze - 17 3.413 1.746 YES NO
Wet-Freeze 48 8.357 1.680 YES NO
Wet-Nonfreeze 14 4.994 1.771 YES NO
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Table 10. Summary of the statistical analyses of the PEARDARP
prediction models (continued).

Number of Adequately Predict

Data Set Observations £, oot o>t e Performance?
All Phase I 99 7.825 1.670 YES NO
Dry-Freeze

All Sections 20 4.083 1.729 YES NO

Doweled 14 5.465 1.771 YES NO

Nondoweled 6 9.521 2.015 YES NO
Dry-Nonfreeze 17 4.606 1.746 YES NO
Wet-Freeze

All Sections 48 8.598 1.680 YES NO

Doweled 28 5.544 1.703 YES NO

Nondoweled 20 7.109 1.729 YES NO
Wet-Nonfreeze

All Sections 14 5.325 1.771 YES NO

Doweled 6 3.217 2.015 YES NO

Nondoweled 8 5.942 1.895 YES NO
All Phase I 99 16.728 1.670 YES NO
Dry-Freeze .20 11.855 1.729 YES NO
Dry-Nonfreeze 17 6.958 1.746 YES NO
Wet-Freeze N 48 10.805 1.680 YES NO
Wet-Nonfreeze 14 5.288 1.771 YES NO

* t.u Dased on 90 percent confidence level.
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It should be noted that the actual roughness values were obtained from a
Mays Ride Meter driven over the pavement sections at a standard speed. The
pavement sections were approximately 0.2 mi (0.32 km) long. There are many
different proprietary devices available which measure roughness in inches per
mile. Most devices are typically calibrated over a set of standard sections, to
permit inter-agency comparisons and to promote consistency. However, the
different devices will not give the same reading over the same section of
pavement for many reasons, including calibration differences and measurement
differences. To better test the effectiveness of this roughness model, it would be
necessary to develop relationships between roughness as measured by the CHLOE
profilograph (which was used at the AASHO Road Test) and by the Mays Ride
Meter.

Pumping Model

The PEARDARP pumping model could not be directly compared to field
pumping measurements. This is because the PEARDARP pumping model
calculates the volume of pumped material, the number of joints pumping, and the
volume of undersealing necessary to fill the voids. In the field surveys of the
projects in this study, the presence of pumping was noted and assigned severity
levels based on how much pumping was observed throughout the section. Table
80 of volume VI provides a general comparison of field observed pumping
severities and the various outputs of the PEARDARP pumping model. It is not
known exactly what pumping volumes correspond with the various severity levels,
but an examination of table 80 shows that different pumping volumes are quite
often predicted for pavement sections that actually had no visible signs of
pumping. However, this can partially be explained by the fact that visible
evidence of pumping is related to the occurrence of the last rainfall. If a section
is dry and not received any recent precipitation, the section may not exhibit signs
of pumping, although it may be occurring. In other words, a pavement section
can be experiencing pumping without visible indications of the distress.

Spalling Model

The results of the statistical analysis for the joint spalling model are shown
in table 10 for all of the Phase I sections and for each environmental region.
Again, the results of the statistical analysis indicate that the model is not able to
satisfactorily predict the spalling for the sections included in this study.

The measured versus actual results for transverse joint spalling are
presented in tables 81 through 85 of volume VI; these results are portrayed
graphically in figures 32 through 36 of that volume. Typically, the model
overpredicted transverse joint spalling for the analysis incorporating all Phase I
sections. Further, it is noted that there were quite a few sections for which there
was no measured spalling, but the predicted spalling ranged from 0 to 100
percent.
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None of the data from any of the four climatic zones was particularly better
than the others. Again, the model tended to overpredict transverse joint spalling
for every environmental region. ,

A possible explanation for this large discrepancy in predicted versus actual
spalling lies in an examination of the variables in the spalling model. The percent
of spalled joints is shown to be a function of age and joint spacing. The
occurrence of joint spalling in the actual sections seemed to be more closely
related to a combination of nondurable aggregates and harsh climates. Transverse
joints that were locked-up due to corrosion of the dowel bars also increased joint
spalling. Spalling was found on pavements of all ages and joint spacing where
material problems existed or the dowel bars had corroded and locked-up the joint.
Similarly, the absence of the locked joints and materials problems, combined with
good joint forming, sealing, and maintenance techniques, would help to provide
much longer trouble-free performance at the joints than this model would predict.

Faulting Models

The PEARDARP faulting models predict faulting for both doweled and
nondoweled pavements. Thus, in addition to considering faulting for all Phase I
sections and for each environmental region, faulting was also evaluated for
doweled and nondoweled pavement sections within each environmental region.
However, it should be noted that the lack of doweled pavement sections in the
dry-nonfreeze environmental region prevented the evaluation of doweled and
nondoweled sections in that region. :

The results of the statistical analysis of the PEARDARP faulting model are
given in table 10 for various data set combinations. The analysis indicates that the
model does not adequately predict joint faulting for all of the Phase I sections
considered together. Furthermore, the model is unable to adequately predict
faulting in any environmental region for any type of load transfer method.

- Table 86 in volume VI provides the comparison of measured versus
predicted faulting for all Phase I sections considered together; figure 37 presents
the results graphically. Generally speaking, the model appears to underpredict
faulting, although there is a large range of scatter. The model predicted faulting
in a range from approximately 0.02 in to 0.18 in (0.51 to 4.6 mm). The measured
average faulting ranged from 0 in to 0.5 in (0 to 13 mm). With the exception of
six sections at MN 1 with faulting over 0.3 in (7.6 mm), all of the measured
faulting was under 0.22 in (5.6 mm). The MN 1 faulting values are 1984 pre-
grinding data provided by the Minnesota Department of Transportation, and it is
not certain that their measurement methods were similar to those used in this
study.

- A review of the predicted faulting by environmental region (tables 87, 90,
91, and 94 and figures 38, 41, 42 and 45 of volume VI) generally indicate that the
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model is underpredicting joint faulting. The trends were slightly more balanced
for the wet regions than for the dry regions.

An examination of the model pertaining to load transfer provides some
interesting results (tables 88, 89, 92, 93, 95 and 96 and figures 39, 40, 43, 44, 46
and 47 of volume VI). It is observed that the faulting model severely
underpredicts faulting for doweled pavement sections. The predicted faulting for
nondoweled sections is more balanced, with the exception of the dry-freeze
environmental region. A review of the functional form of the model reveals that
the presence of dowels is not directly considered. Rather, for doweled pavements,
the model runs the standard nondoweled equation and then multiplies this by a
fudge factor to provide doweled pavement faulting. This fudge factor is a
function only of age. Thus, the equation does not consider the diameter of the
dowel bars, or any dowel characteristics for that matter. Therefore, a pavement
section with an insufficient dowel bar diameter would have the same amount of
faulting predicted as a similar section with an adequate dowel bar diameter.

Cracking Mogiel

The PEARDARP cracking model was used to predict the quantity of
transverse cracking on each of the pavement sections and this was compared to
the actual measured cracking. Table 10 provides the summary of the statistical
analysis of the PEARDARP cracking model. These results indicate that the model
does not adequately predict slab cracking for the pavement sections included in
this study. This finding holds true for each environmental region. '

Table 97 of volume VI provides the comparison of measured versus
predicted values for all of the Phase I sections, and figure 48 provides a graphical
representation of that table. The majority of the predicted cracking fell into a very
narrow band of between 320 and 420 lin ft/1000 ft?, when there was actual
cracking measured, and between 0 and 320 lin ft/1000 ft, when there was no
actual cracking measured. This trend becomes more accentuated when the
individual regions are considered (tables 98 through 101 and figures 49 through 52
of volume VI). In the dry-freeze region, all of the predicted cracking was between
380 and 420 lin ft/1000 ft’, for actual cracking from 0 to almost 900 lin ft/1000 ft*.
This is about the same range of predicted values for the dry-nonfreeze and wet-
nonfreeze regions. However, in the dry-nonfreeze regions there were sections with
predicted cracking of up to 400 lin ft/1000 ft* that actually had none.

It is clear from the results that the cracking model is fairly insensitive to the
inputs. The PEARDARP cracking model was based on a mechanistic analysis of
concrete pavement slabs. The model predicts cracking as a damaged area per
joint. The damaged area is a function of the number of nodes where strains in
the slab would induce cracks and the area of influence of each node. The area of
influence of each node was held constant at 4000 in? (2,580,640 mm?). An average
crack length of 24 in (610 mm) in each influence area was assumed in order to
obtain the total length of linear cracking. This is converted to linear cracks per
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1000 ft*. The functional form of the regression model dilutes the effect of the

factors by taking the arctangent or logarithm of the values. These mathematical
functions transform a wide range of values into a very narrow range of values.
This may be the reason for the insensitivity of the model to the various inputs.

COPES

The COPES predictive models, for pumping, faulting, spalling, cracking, and
PSR, includes a different model for each jointed pavement type. This allows for
further breakdown of the data set within each environmental region. However,
given the pavement sections within the study, this was not always possible.
Specifically, there were no JRCP sections in the dry-nonfreeze environmental region
and only one JRCP section in the wet-nonfreeze region, so that a breakout of the
evaluation in those regions was not possible or practical.

Puﬁping Models

Unlike the PEARDARP pumping model, the COPES pumping model
predicts the severity of pumping expected to occur within a pavement section,
instead of the volume of pumping. This allows for a direct comparison of the
actual pumping observed on the pavement sections included in this study. It
should be noted that the actual pumping and the predicted pumping from the
COPES pumping model are both based on visible signs of pumping. Therefore,
sections that are experiencing pumping but do not display any visible evidence
could not be appraised in the field surveys or in the development of the model.

The results of the statistical analysis for the COPES pumping model are
displayed in table 11. The results generally indicate that the model is not able to
adequately predict pumping for the sections included in the study. 'However, the
analysis in the wet-nonfreeze environmental region shows that the model does
adequately predict pumping for the pavement sections included in the study from
this environmental region.

Summary tables and scattergrams for the different data sets are displayed in
tables 102 through 110 and figures 53 through 61 of volume VI. An examination
of the scattergram for the consideration of all Phase I sections shows predicted
values both above and below the line of equality; this observation is also true for
the analysis of the dry-freeze and wet-freeze environmental regions. However,
when the dry-freeze and wet-freeze data sets were broken out by pavement type,
it is observed that the model consistently underpredicts pumping for JRCP sections,
whereas there is more scatter associated with the JPCP analysis.

In the wet-nonfreeze environmental zone, the model predicted that none of
the sections would exhibit pumping. In actuality, only 2 sections exhibited
pumping while the remaining 12 sections did not. Thus, as the results of the
statistical analysis show, the model is able to predict pumping in the wet-
nonfreeze climatic zone.
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Table 11. Summary of the statistical analyses of the COPES
prediction models.

Number of Adequately Predict

Data Set Observations ¢, b t>t e Performance?
All Phase I 99 6.154 1.670 YES NO
Dry-Freeze

All Sections 20 4498 1.729 YES NO

JPCP 3 3.500 2.920 YES NO

JRCP 17 4243 1.746 YES NO
Dry-Nonfreeze 17 1.951 1.746 YES NO
Wet-Freeze

All Sections 48 4.090 1.680 YES NO

JPCP 22 4.125 1.721 YES NO

JRCP 26 1.729 1.708 YES NO
Wet-Nonfreeze 14 1.439 1.771 NO YES
All Phase I 99 4.181 1.670 YES NO
Dry-Freeze

All Sections 20 3.771 1.729 YES NO

JPCP 3 2910 2.920 NO YES

JRCP 17 3722 1.746 YES NO
Dry-Nonfreeze 17 4.280 1.746 YES NO
Wet-Freeze

All Sections 48 8.532 1.680 YES NO

JPCP o 22 6.809 1.721 YES NO

JRCP 26 5.459 1.708 YES NO
Wet-Nonfreeze 14 5.421 1.771 YES NO
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Table 11. Summary of the statistical analyses of the COPES
prediction models (continued).

' Number of ' Adequately Predict
Data Set Observations . bt o>t e Performance?

JOINT DETERIORATION

All Phase I 99 6.633 1.670 YES NO
Dry-Freeze
All Sections 20 4.521 1.729 YES NO
JPCP 3 1.220 2.920 NO YES
JRCP 17 4.654 1.746 YES NO
Dry-Nonfreeze 17 2219 1.746 YES NO
Wet-Freeze )
All Sections 48 4938 1.680 YES NO
JPCP 22 2.741 1.721 YES NO
JRCP 26 4.806 1.708 YES NO
Wet-Nonfreeze 14 1.558 1.771 NO YES
All Phase I 99 7.307 1.670 YES NO
Dry-Freeze
All Sections 20 2925 1.729 YES NO
JPCP 3 3.792 2.920 YES NO
JRCP 17 7.110 1.746 YES NO
Dry-Nonfreeze 17 1.899 1.746 YES NO
Wet-Freeze
All Sections 48 3.691 1.680 YES NO
JPCP 22 3.898 1.721 YES NO
JRCP 26 3.651 1.708 YES NO
Wet-Nonfreeze 14 5.080 1.771 YES NO




Table 11. Summary of the statistical analyses of the COPES
prediction models (continued).

Number of Adeéuately Predict

Data Set Observations ¢, A it s Performance?
All Phase I 99 10.567 1.670 YES NO
Dry-Freeze

All Sections 20 4.782 1.729 YES NO

JPCP 3 4.426 2.920 YES NO

JRCP 17 4.534 1.746 YES NO
Dry-Nonfreeze 17 5.833 1.746 YES NO
Wet-Freeze

All Sections 48 7.068 1.680 YES NO

JPCP 22 3.514 1.721 YES NO

JRCP 26 6.637 1.708 YES NO
Wet-Nonfreeze 14 4.057 1.771 YES NO

* tuw based on 90 percent confidence level.
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An examination of the COPES model indicates that the model appears to
include all important parameters with the exception of base and subbase type. It
is believed that base type and depth of subbase are important factors in the
development of pumping and should be included. In addition, the amount of
thermal curling may influence pumping as it can create a void that accelerates
pumping and subsequent faulting. Thermal curling is related to the temperature
difference between the top and bottom of the slab and also the concrete thermal
coefficient of expansion.

Faulting Models

The results of the statistical analysis performed on the COPES faulting
models are provided in table 11. For the consideration of all of the Phase I
sections and for the general analysis in each environmental region, the model is
unable to adequately predict the actual faulting. However, within the dry-freeze
zone, it is observed that the model can adequately predict the faulting of the JPCP
sections included in the study. Tables 111 through 119 and figures 62 through 70
of volume VI provide comparisons of the actual and predicted faulting for various
data sets. The following discussion pertains to the scattergrams for the given data
set.

All Phase I Sections

Figure 62 shows a wide range of scatter about the line of equality. The
outliers that were underpredicted are the nondoweled JRCP sections from
Minnesota 1, whose faulting measurements were supplied by the Minnesota DOT;
thus, their accuracy and consistency relative to the faulting measurements of the
other data points is not known.

It is theorized by some researchers that transverse joint faulting on a new
pavement begins immediately after construction and continues to develop quite
rapidly for the first several years. Thereafter, the faulting rate levels off and
faulting develops much more slowly. Many of the newer pavement sections may
be in the "rapid faulting" stage and therefore, it is expected that the faulting of
these sections would be difficult to predict.

Dry-Freeze Environmental Region

Figure 63 shows the overall graph of predicted versus actual results for the
dry-freeze region, while figures 64 and 65 provide the scattergrams for the JPCP
and JRCP sections, respectively. Again, the outliers in figure 63 and 65 are the
nondoweled sections of Minnésota 1. It is not surprising that the COPES model
did not predict these sections since the original model did not include nondoweled
JRCP sections. Figure 64 shows a fairly good correlation for the JPCP model and
this is confirmed by the results of the statistical analysis. However, it should be
noted that there were only 3 JPCP sections included from the region which are too
few to provide a true indication of the model’s ability to predict faulting.
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Dry-Nonfreeze Environmental Region

The overall graph of predicted versus actual results for the dry-nonfreeze
region is shown in figure 66. The largest faulting predicted by the model is 0.07
in (1.8 mm), although the actual faulting was as high as 0.15 in (3.8 mm). The
model appeared to do reasonably well on the sections from Arizona, but had
problems with the California sections. This is an interesting phenomenon since the
original COPES database did not include any sections from Arizona while
containing many sections from California with designs similar to those included in
this study.

Wet-Freeze Environmental Region

Figure 67 shows the overall graph of predicted versus actual results for the
wet-freeze region. A large amount of scatter is observed, but the predicted values
generally range between 0 and 0.14 in (3.6 mm), although there is one predicted
value of 0.29 in (7.4 mm). This particular section was NJ 2, which contained
stainless steel clad dowel bars and had sustained over 35 million 18-kip (80 kN)
ESAL applications and was only exhibiting 0.06 in (1.5 mm) of faulting.

Figures 68 and 69 provide the scattergrams for the JPCP and JRCP sections,
respectively. The model generally overpredicted faulting for the JPCP sections,
although it severely underpredicted faulting for 2 JPCP sections on Michigan 1
which were constructed on ATB in a bathtub section. No clear trend emerges for
the JRCP model.

Wet-Nonfreeze Environmental Region

The scattergram for the wet-nonfreeze region is shown in figure 70. It is
observed that the model underpredicts faulting in this region. Faulting less than
0.02 in (0.05 mm) was predicted for nearly half of the sections, whereas the actual
faulting ranged from 0.01 to 0.16 in (0.03 to 4.1 mm). Due to the zero freezing
index for the nonfreeze regions, it is expected that the model would predict less
faulting for the nonfreeze regions than for the freeze regions.

Joint Deterioration Models

Recall that joint deterioration was defined as the percentage of the
transverse joints that were spalled. Since the output of the COPES joint
deterioration models is number of spalled joints per mile, this was converted to
percent of joints spalled for each section.

The summary of the statistical analysis for joint deterioration is shown in
table 12. It is observed that there the model adequately predicts joint deterioration
for sections in the study from two environmental regions: dry-freeze JPCP and
wet-nonfreeze. However, for the other data sets, the model is unable to
adequately predict joint deterioration for the sections included in the study.
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Tables 120 through 128 and figures 71 through 79 of volume VI provide
comparisons of the actual and predicted joint deterioration for various data sets.
The following discussion pertains to the scattergrams for the given data set.

All Phase I Sections

Figure 71 shows a wide range of scatter about the line of equality. There
appears to be a slight tendency to overpredict joint deterioration. Age, materials
durability problems, and joint spacing (JRCP), all contribute greatly to the value of
predicted joint deterioration. Since many of the pavement sections included in the
study are relatively new, it would be expected that the model would underpredict
joint deterioration rather than overpredict.

Dry-Freeze Environmental Region

Figure 72 shows the overall graph of predicted versus actual results for the
dry-freeze region, while figures 73 and 74 provide the scattergrams for the JPCP
and JRCP sections, respectively. Again, it appears that the model overpredicts
joint deterioration. The reason for this may be due to the fact that low-severity
"D" cracking was present on the Minnesota 1 sections. The model evidently
predicts a significant amount of spalling because of the presence of "D" cracking,
although in actuality it has not translated into a substantial amount of spalling.
As was previously mentioned, the JPCP model adequately predicts spalling for the
three pavement sections in this region.

Dry-Nonfreeze Environmental Region

The overall graph of predicted versus actual results for the dry-nonfreeze
region is shown in figure 75. It appears from the figure that the model predicts
fairly well, although the statistical analysis indicates that the model does not
adequately predict joint deterioration. With the exception of the oldest section in
Arizona, it is interesting that the range of predicted values falls nicely in line with
the range of actual values.

Wet-Freeze Environmental Region

Figure 76 shows the overall graph of predicted versus actual results for the
wet-freeze region. The model again tends to overpredict joint deterioration. As
was the case for some of the Minnesota sections, several sections from Michigan
exhibited "D" cracking which had not yet resulted in much joint spalling.
However, because of the presence of "D" cracking, the model predicts a significant
amount of spalling for those sections. The scattergrams for the JPCP and the
JRCP models (figures 77 and 78) confirm that the model overpredicts values within
this environmental region.
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Wet-Nonfreeze Environmental Region

The scattergram for the wet-nonfreeze region is shown in figure 79. From
an examination of the scattergram and from the t-test results, the model is
observed to adequately predict spalling very well for the pavement sections
included in the study from this region. In all but two cases, the model predicted
the actual value or very close to it.

Cracking Models

The COPES cracking models predict total linear feet of cracking, including
both transverse and longitudinal. This required the conversion and addition of the
transverse and longitudinal cracking obtained in this study since it was grouped
separately. The fact that the COPES cracking models do not distinguish between
transverse and longitudinal cracking is a shortcoming of the model, since different
mechanisms are responsible for the development of each type of cracking.

The COPES cracking model for JPCP includes cracking of all severity levels;
the COPES cracking model for JRCP includes only deteriorated (medium- and
high-severity) cracks. These guidelines were followed for the evaluation of the
model. However, it is believed that for JRCP, all severity levels of longitudinal
cracking should be included.

Because of the scale required to include the data from all of the sections,
the comparison of predicted cracking to actual cracking may be difficult to
interpret. The actual relationship is somewhat muted in these graphs, as the
scales of the x-axis and y-axis are different on each graph in order to include all
of the data points.

Table 11 provides the summary of the statistical analysis for the COPES
cracking models. These results show that the models were unable to adequately
predict cracking for any data set. Tables 129 through 137 and figures 80 through
88 of volume VI provide comparisons of the actual and predicted cracking for
various data sets. The following discussion pertains to the scattergrams for the
given data set.

All Phase I Sections

Figure 80 shows that the model overpredicted the total cracking occurring
within the section; only 11 of the 99 sections were underpredicted. Please note
that ONT 2 was not included on the graph, as it would have resulted in a
distorted scale. This section, which had been subjected to over 35 million 18-kip
(80 kN) ESAL applications, only exhibited 12 linear feet of cracking per mile,
whereas the model predicted over 19,000 linear feet of cracking per mile. While
other unsurveyed segments of this section displayed more cracking than 12 linear
feet, the pavement design is providing outstanding performance for the heavy
traffic loadings that it sustains.
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Dry-Freeze Environmental Region

Figure 81 shows the overall graph of predicted versus actual results for the
dry-freeze region. The model is observed to overpredict in all but one case.
Figures 82 and 83 provide the scattergrams for the JPCP and JRCP sections,
respectively. Again, the model is shown to consistently overpredict.

Dry-Nonfreeze Environmental Region

The overall graph of predicted versus actual results for the dry-nonfreeze
region is shown in figure 84. In this region, the models are observed to
underpredict the actual cracking. It is interesting to note from the figure that, for
small amounts of cracking (say, less than 300 ft/mile), the model predicts the
cracking with extraordinary accuracy. However, above the 300 ft/mile level, the
accuracy of the model decreases.

Wet-Freeze Environmental Region

Figure 85 shows the overall graph of predicted versus actual results for the
wet-freeze region. The model again predicts much more cracking than was
actually observed. The scattergrams for the JPCP and the JRCP models (figures 86
and 87) show the same results. A partial explanation for the disparity in the JRCP
analysis of this region is the good performance of several of the long-jointed JRCP
sections. Most notably, New York and Michigan had long-jointed pavements
constructed with epoxy-coated dowels and granular base courses which exhibited
very little deteriorated transverse cracks. However, overall, the JRCP model
appears to be more accurate than the JPCP model.

Wet-Nonfreeze Environmental Region

The scattergram for the wet-nonfreeze region is shown in figure 88. No
clear trend emerges from an examination of this data. It is interesting to note that
the model overpredicts cracking for the thicker slabs (11 and 13 in [279 and 330
mm]) in the region.

The data suggests that the factors contributing to cracking on the pavements
in these sections are not well taken into account in the COPES models. These
pavements were typically younger and less heavily trafficked than the COPES
database pavements, which is probably a very important factor in explaining the
difference.

The conclusions in volume I indicate that thicker slabs reduce cracking and
the COPES cracking models follow that trend. However, the cracking is still
overpredicted for the thicker slabs. The exception to this is the 15 in (381 mm)
slabs in Ohio, for which COPES predicted no cracking.
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Present Serviceability Rating (PSR) Models

The COPES models for PSR are based on a panel rating of serviceability of
the pavement sections included in that study’s database. It is a measure of the
effects of distress and other factors, such as joint spacing, on pavement rideability.
These results are directly comparable to the PSR values obtained from the actual
field surveys in this project.

Table 11 provides the summary of the statistical analysis for the COPES PSR
models. It is observed that the models are unable to adequately predict PSR for
the sections included in the study. Tables 138 through 146 and figures 89 through
97 of volume VI provide comparisons of the actual and predicted PSR for various
data sets. The following discussion pertains to the scattergrams for the given data
set.

All Phase I Sections

Figure 89 shows a wide range of scatter for the predicted versus actual
results. It should be noted that the model provides reasonable results at the
higher end of the scale; that is, unlike the PEARDARP equation, there were no
PSR values greater than 4.6. However, there were three sections with predicted
PSR values less than 2, although their actual PSR was much higher: MN 1-4, MN
1-6, and NC 1-7. These sections all shared a common element: they were all 8-in
(203 mm) slabs under relatively heavy traffic. Thus, the model is evidently
sensitive to the combination of slab thickness and high traffic levels.
Unfortunately, the Minnesota sections had been diamond ground which distorts
the relative comparisons.

On the other hand, the highest PSR predicted was for the thicker slab
section at California 1 under relatively high traffic levels. In that case, the
combination of slab thickness and mild climate contributed to a high rating. There
were several sections with very high actual PSR values that the models did not
predict. These were found on new sections less than 3 years old and with light
traffic.

Dry-Freeze Environmental Region

Figure 90 shows the overall graph of predicted versus actual results for the
dry-freeze region. In this region, the model is observed to underpredict for most
cases. The predicted PSR was in a relatively small range of 3.8 to 4.5, while the
actual PSR’s ranged from 2.5 to 4.2. Figures 91 and 92 provide the scattergrams
for the JPCP and JRCP sections, respectively. As discussed above, the low
predicted PSR values were for the 8in (203 mm) slabs at Minnesota, which, to
further complicate matters, had also been diamond ground. From the form of the
model, it is observed that freezing index is an input. The high freezing indices for
the Minnesota sections may have contributed to the model underpredicting in this
region by extrapolating the model out of its inference space.
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Dry-Nonfreeze Environmental Region

The o6verall graph of predicted versus actual results for the dry-nonfreeze
region is shown in figure 93. It is observed that, in this region, the model
typically overpredicts the actual PSR values. The model overestimated PSR values
for the thick slab designs and mild climates of Arizona and California. This may
be due to the model assuming that a thicker slab results in a smoother-riding
pavement; often there are problems associated with the construction of thick slabs
which could result in roughness problems.

Wet-Freeze Environmental Region

Figure 94 shows the overall graph of predicted versus actual results for the
wet-freeze region. Similar to the trends in the dry-nonfreeze climatic region, the
model again predicts higher PSR values than were actually measured. The
scattergrams for the JPCP and the JRCP models (figures 95 and 96) show the same
results. It is believed that this may be partially attributed to the freezing index
for the sections in this region. However, with the exception of two JPCP over
ATB sections at Michigan, the JPCP PSR model appears to provide reasonable
results. The JRCP model has difficulty in predicting the PSR of several of the
older sections, particularly the NJ 2 section and the MI 4 sections. One interesting
feature of the PSR models in this region is that it appears to predict a PSR of
about 4.0, + 0.5 for almost all of the pavement sections. This effect is most
pronounced for the JPCP model.

Wet-Nonfreeze Environmental Region

The scattergram for the wet-nonfreeze region is shown in figure 97. With
the exception of NC 1-7, the model consistently overpredicts. Again, the NC 1-7
section contained an 8-in (203 mm) slab. For the thicker slabs in this region, the
model appears to do reasonably well. In this region, similar to the wet-freeze
region, the PSR models appears to predict a PSR of about 4.0, + 0.5 for almost all
of the pavement sections.

PFAULT Faulting Models

There were two PFAULT models developed for faulting prediction, one for
doweled transverse joints and the other for nondoweled transverse joints. There
are some mechanistic terms included in the model. Each of the models was
considered by climatic zone.

Table 12 provides the summary of the statistical analysis for the PFAULT
faulting model. The data shows that the model was unable to adequately predict
faulting for all data sets but one (doweled wet-nonfreeze). Tables 147 through 157
and figures 98 through 108 of volume VI provide comparisons of the actual and
predicted faulting for various data sets. The following discussion pertains to the
scattergrams for the given data set.
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Table 12. Summary of the statistical analyses of the PFAULT
faulting prediction models.

Number of Adequately Predict

Data Set Observations bt bt tac>t Performance?
All Phase I 99 9.327 1.670 YES NO
Dry-Freeze : |

All Sections 20 4.986 1.729 YES NO

Doweled 14 9.885 1.771 YES NO

Nondoweled 6 3.836 2.015 YES NO
Dry-Nonfreeze 17 3.569 1.746 YES NO
Wet-Freeze

All Sections 48 6.523 1.680 YES NO

Doweled 28 3.997 1.703 YES NO

Nondoweled 20 6.312 1.729 YES NO
Wet-Nonfreeze

All Sections 14 - 3.775 1.771 YES NO

Doweled 6 1.281 2015 NO YES

Nondoweled 8 4.631 1.895 YES NO

* t.. based on 90 percent confidence level.
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All Phase I Sections

Figure 98 provides the scattergram considering all Phase I sections. There
does not appear to be any clear trend in the way that the model predicts. As
noted in the faulting analyses of PEARDARP and COPES, the nondoweled sections
in Minnesota had very large faulting values which may not be representative.
These are several of the outliers that the model does not predict very well. It is
observed that there are several projects for which PFAULT predicts little faulting.
These projects were typically newer sections with very little traffic constructed on
stabilized base courses and containing dowel bars. The COPES database may not
have included several of the designs that were included in the current study. For
example, there were not any nondoweled JPCP sections in the wet-freeze zone in
the COPES study, so the model would not be expected to adequately predict
faulting for this design.

Dry-Freeze Environmental Region

Figure 99 shows the overall graph of predicted versus actual results for the
dry-freeze region. Again, there is no clear trend in the way that the model
predicts. At lower faulting values, the model overpredicts whereas at higher
faulting values, the model underpredicts.

The results of the comparison in the dry-freeze zone made for the doweled
transverse joints model are shown in figure 100. It is observed that the model
generally overpredicts the faulting occurring on these sections. All of the sections
in this analysis are part of the MN 1 sections at Rothsay.

In every case, the model for nondoweled transverse joints underpredicted
faulting in the dry-freeze region, as seen in figure 101. However, there were only
six sections in thé dry-freeze region which did not contain dowels; these were the
located on 1-94 near Rothsay. These sections experienced a substantial amount of
faulting and required diamond grinding after 14 years of service. Pre-grinding
fault measurements were provided by the Minnesota Department of
Transportation.

Dry-Nonfreeze Environmental Region

The overall graph of predicted versus actual results for the dry-nonfreeze
region is shown in figure 102. On the whole, the model appeared to underpredict
faulting more in this region, although there is a wide amount of scatter. This
model was fairly good, however, if a certain amount of measured faulting is
considered to be insignificant. For example, if 0.02 in (0.5 mm) is considered a
trivial amount and a band of + 0.02 in (0.5 mm) is drawn on either side of the
line of equality shown in figure 102, almost 60 percent of the data falls within this
zone.



Wet-Freeze Environmental Region

Figure 103 shows the overall graph of predicted versus actual results for the
wet-freeze region; figures 104 and 105 provide the predicted versus actual results
by doweled and nondoweled sections. Again, there is a wide range of scatter
about the line of equality. An examination of table 152 indicates that, even within
a project, the predicted faulting can vary tremendously depending upon design
conditions. Dowel bars, stabilized bases, and tied shoulders all appear to influence
the amount of predicted faulting. The model is evidently able to account for the
changes in the experimental design that were part of these sections.

As with the overall scattergram for the wet-freeze region (figure 103), the
doweled and nondoweled scattergrams for the wet-freeze region (figures 104 and
105) show a lot of scatter about the line of equality. No clear trends emerge as to
how the model is able to predict.

Wet-Nonfreeze Environmental Region

The scattergram for the wet-nonfreeze region is shown in figure 106. As
was with the predicted faulting in the other regions, there is a lot of scatter about
the line of equality. The breakdown by load transfer method within this region is
given in figure 107 and 108. For the doweled sections, the model is observed to
predict faulting extremely well. In fact, the model passes the t-test for faulting of
doweled pavements in this area. However, it should be noted that the data set is
fairly small (n = 6). The faulting for the nondoweled sections ranged from 0.05 in
to 0.22 in (1.3 to 5.6 mm). The nondoweled predicted faulting ranged from about
0.13 in to 0.16 in.

5. SUMMARY

This chapter has documented an evaluation of the adequacy of several
concrete pavement prediction models. In general, these models do not adequately
predict the distress (faulting, cracking, joint deterioration, pumping), serviceability
or roughness measured on the pavements included in the study. Therefore, it is
clear that improved prediction models are needed for a variety of pavement
analysis, design, and management purposes.

Throughout the chapter, potential reasons were offered in an effort to
explain why specific models were not able to adequately predict performance.
However, there are several general reasons which may have influenced the models’
ability to predict performance that should also be mentioned.

. The COPES traffic data was based on W-4 truck factors which have
been determined to be as much as 45 percent low for Interstate-type
highways. Thus, in general, the results show an overprediction of the
pavement performance for the sections in the current study (which
were supplemented by WIM data).
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There were many combinations of design variables in the current

_ database which did not exist at the AASHTO Road Test or in the
COPES database. Since all of the models are empirical to some
extent, the models were not able to adequately predict these different
conditions (e.g., permeable bases, widened lanes, tied shoulders, etc.).

Several of the projects in the current database exhibited distresses that
were the result of construction-related problems (late or inadequate
depth of sawing, omission of "whitewashing" of ATB, poor
consolidation of concrete at the joints, etc.). Where the distress. was
known to be a construction-related problem, these were excluded
from the database for model development. Prediction models can
never be expected to account for distress resulting from poor
construction practices.
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CHAPTER 4 CASE STUDIES
1.  INTRODUCTION

There are a number of different design methods and analysis programs
available for the design and evaluation of concrete pavements. These programs
assist in the determination of concrete pavement responses to environmental and
traffic loading, which ultimately can be used in design. A thorough description of
some of the more prominent models, including a discussion of their capabilities
and limitations and a sensitivity analysis, is presented in volume VI, "Synthesis of
Concrete Pavement Design Methods and Analysis Models.”

Based on the results of the analysis presented in volume V], five specific
types of models were selected:

A climatic model.

A drainage characteristics model.
Structural analysis models.

A design method.

Shoulder analysis and design models.

Db WO

One model was chosen from each category for further investigation. This chapter
summarizes the results of that investigation.

The models were evaluated using data from the major experimental project
located in each of the four climatic zones. The experimental projects are MN 1, I-
94 Rothsay (dry-freeze), CA 1, I-5 Tracy (dry-nonfreeze), MI 1, US 10 Clare (wet-
freeze), and NC 1, 1-95 Rocky Mount (wet-nonfreeze). More information on these
projects is provided in section 2.

Several structural analysis programs were evaluated for use in the case
studies, with the ILLISLAB structural analysis program initially recommended.
However, the relative merits of the ILLISLAB program and the JSLAB program are
compared for the sections in Clare, MI and the results of this analysis are
presented in section 5. The selected structural analysis model was evaluated using
all of the sections in Minnesota, California, Michigan, and North Carolina.

A brief description of the capabilities of the specific analysis models and
design procedures selected for detailed evaluation is given below.

Climatic Model

The CMS (Climatic-Materials-Structural Model) was initially developed for
the determination of the effect of climate and moisture on the structural properties
on multilayered flexible pavement systems."® Because the model is based on
fundamental principles of heat transfer, moisture movement, and material response
to repeated loading, the theories can be applied to rigid pavements as well.
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Several of the input variables were modified based on the recommendations of the
developer of the CMS model. These are discussed in section 3.

This program fully models the effect of the environment on the pavement
structure in terms of:

1. Temperature changes in the slab.

2. The effect of moisture (and temperature) on the paving layers
in terms of stiffness of the layers.

3. Frost penetration within the paving layers.

The thermal gradient capabilities of this program were used extensively to
determine the seasonal variation in thermal gradient. The thermal gradient, in
turn, was used for the determination of stresses induced by temperature
differences between the top and bottom of the slab.

Drainage Model

The Liu-Lytton drainage analysis model, calculates the drainage capabilities
of the pavement system, the average stiffness of the paving layers (both wet and
dry), and the probabilities of wet and dry conditions.®**® The program
accomplishes this with inputs on the drainability of the paving layers, the
condition of the joints and cracks in terms of moisture infiltration, information on
the design cross section, and climatic information about the area.

Structural Analysis Models

ILLISLAB is a finite element, structural analysis program for rigid
pavements which was developed at the University of Illinois in 197754 Since
that time the program has gone through numerous technical changes, revisions,
and refinements. Finite element analysis methods are used to model the pavement
system and analyze the system’s responses to loads. Under this study, ILLISLAB
was used to calculate the stresses and deflections of the pavement system. This
program also models the development of thermal stresses due to thermal gradients
within the slab. Thermal stresses and stresses induced by wheel loading play a
major role in the structural deterioration of concrete slabs.

JSLAB is a structural analysis program that was based on an early version
of ILLISLAB.%*"® It was selected for comparison with ILLISLAB because of its
widespread use and since the relative merits of either program have not been
clearly illustrated to date. As discussed in section 4, JSLAB was not chosen for the
future analyses.

The PMARP program is a finite element program which was also based on
an early version of ILLISLAB.###% PMARP and its sister program PEARDARP
(which, in combination, are frequently referred to as the Purdue pumping models),
model the pumping action of jointed concrete pavements. PMARP can be used to
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calculate the stresses and deflections in jointed pavements, to provide an indication
of the pumping potential of various pavement designs, and to model the fatigue-
related cracking in rigid slabs.®*® The PEARDARP program contains a number of
prediction models that have already been discussed in detail in chapter 3.

Design Method

A program which can be used to evaluate rigid pavement designs or to
design a rigid pavement structure is JCP-1.*** This program performs a detailed
analysis of the fatigue characteristics associated with a particular design. The
fatigue characteristics are evaluated in this program in terms of load, load
placement, and the effect of thermal stresses. A separate analysis is also
performed considering serviceability as a failure mode.

Shoulder- Analysis and Design

The JCS-1 program can be used to design or to evaluate the design of a
tied concrete shoulder.”® Using the mainline pavement axle load distribution, a
fatigue analysis is performed for the shoulder considering encroaching and parked
traffic.

The BERM program can be used to design or to evaluate the design of a
asphalt concrete or tied concrete shoulders.?® The materials properties of the
shoulder layers are used to determine the shoulder’s fatigue properties and the
expected life, in terms of encroaching or parked equivalent axle loads, of the
shoulder. Under this study, the use of the BERM program is limited to the
analysis of asphalt concrete shoulders.

2, PRESENTATION OF SECTIONS FOR CASE STUDIES

The various design methods and analysis procedures were evaluated using
performance data from four experimental projects totaling 33 pavement sections.
A brief description of these sections is given below.

Minnesota 1

The experimental project at I-94 near Rothsay, Minnesota was constructed in
1970 to evaluate the effect of base type, slab thickness and load transfer on
concrete pavement performance. The variables included three different base types,
8- and 9-in (203 and 229 mm) slabs, and doweled and nondoweled joints. This is
shown in the full factorial design matrix in the upper part of figure 7. Another
section, MN 5, representing Minnesota’s concrete pavement design of the 1960’s, is
also included in the study. This pavement section, located on I-94 in close
proximity to the experimental sections and of similar design and age, is included
to evaluate the effect of joint spacing.
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] No Load | Load || No Load | Load

| Transfer | Transfer || Transfer | Transfer
| ====mmmmmmmm- | ===mmmmmmmm oo oo | [===mmmmmmmmmmm oo
i | 6 in | | ] |
| | aGG | MN 1-3 | MN 1-4 (] MN 1-1 | MN 1-2
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| 27 ££| ATBE | MN 1-5 | MN 1-6 Il MN 1-7 ] MN 1-8
| Skewed| Base | | il |
|Jointg|-=—~===|-——s=mommssrmme—e e | | ===~

i | 5 in | H

| | CTB | MN 1-11 | MN 1-12 || MN 1-9 | MN 1-10
| | Base | | R |
|==-=-- | ====== | ---smmmmmmmmmm e oo N
| JRCP | 6 in | | |
| 40 £t| AGG |

|

|]Joints| Base

Dowel diameter =1 in
Shoulder Type = AC
Subgrade = AASHTO A-6

Figure 7. Experimental design matrix for Minnesota 1.
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Common to all of the designs is a JRCP slab and an A-6 subgrade.
Sections 1-1, 1-3, 1-9 and 1-11 had tied and doweled concrete shoulders added in
1984, while the outer lane of the nondoweled sections was diamond ground. The
two-way ADT was estimated to be 5000 vehicles per day, including 21 percent
trucks in 1987. Through 1987, it is estimated that the outer lanes of these sections
have accumulated approximately 5.5 million 18-kip (80 kN) Equivalent Single-Axle
Load (ESAL) applications. '

California 1

This set of experimental sections was constructed on I-5 near Tracy,
California, in 1971. Four different designs were constructed to study the effect of
slab thickness, joint spacing, and base type (see figure 8). Additionally, one
section was constructed with high-strength concrete. ,

- All of the sections had JPCP slabs and nondoweled, skewed and nonsealed
transverse joints. The longitudinal joint was not tied and both lanes sloped
toward the outer shoulder. The subgrade soils ranged from an AASHTO A-1-a to
an A-2-4. The ADT in 1987 was 12,000 vehicles per day, including 19 percent
trucks. Through 1987, the accumulated 18-kip (80 kN) ESAL applications for the
outer lanes was estimated to be 7.6 million. .

Michigan 1

An experimental project was constructed on U.S. 10 at Clare, MI in 1975. It
includes the following variables: jointed plain and jointed reinforced concrete
pavements 9 in (229 mm) thick; random joint spacing and long joint spacing; three
different base types; skewed and nonskewed joints; doweled and nondoweled
sections; and drained and nondrained sections. The drains were actually French
drains retrofitted in 1981, but they still allow for an evaluation of drainage.

The subgrade for all sections was A-2-4. The average daily traffic on this
section in 1987 was 5100 vehicles per day, with 8 percent trucks. The
accumulated 18-kip (80 kN) load applications for the outer lanes of these sections
was estimated to be 0.9 million (through 1987). All of the sections had full-depth
AC shoulders, resulting in bathtub conditions.

Twenty-five sections were constructed, representing triplicate sections of 8
different designs. The selected sections are shown in the design matrix in figure
9. This design matrix represents an unbalanced experimental layout, in which
only the effect of drainage is isolated. However, comparisons can be made
between different design types.

North Carolina 1

Experimental pavement sections were constructed on I-95 near Rocky Mount,
North Carolina, in 1967. The design matrix is shown in figure 10. Eight sections
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| J P C P |
Skewed, Nondoweled |
| 12-13-19-18 £t Jts |[|5~-8-11-7 £t Jts]

| 8.4 in | 11.4 in || 8.4 in |
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------------------ e e
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: 15.4 in] ] ' ]
Strength |------ | === o= |
| | | I |

Concrete | LCB | CA 1-7 ] H| |
' 5.4 in| I I |
----------- D B R
High i | | I |
Strength | LCB | CA 1-9 1 11 |
Concrete |5.4 in| | 1] |

Subbase = 24 in gravel
Shoulder Type = AC

Subgrade Type = A-l-a to A-2-4
Nonsealed Joints

Figure 8. Experimental design matrix for California 1.
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Subbase = 10 in sand
Shoulder Type = Full-depth AC
Dowel Bars = 1.25 in epoxy-coated

Edgedrains constructed initially. All other sections
retrofitted with French (vertical drains) in 1981.

Figure 9. Experimental design matrix for Michigan 1.
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were constructed and design variables in the project include base type, jointed
reinforced and jointed plain concrete pavements, joint spacing, slab thickness,
skewed and nonskewed joints, and doweled and nondoweled joints.

The subgrade for the sections ranged from an A-2-4 to an A-4. The average
daily traffic on this section in 1987 was 19,100 vehicles per day, with 9 percent
trucks. The accumulated 18-kip (80 kN) load applications for the outer lanes of
these sections was estimated to be 9.1 million (through 1987).

3. EVALUATION OF THE CMS PROGRAM
Introduction

The Climatic-Materials-Structural (CMS) program was developed to model
the influence of climate on the behavior of pavement systems. Using the climatic
and materials information from the region of a given pavement section, time-
dependent temperature profiles, moisture profiles, and structural parameters of the
pavement system are calculated. The program was originally developed to model
flexible pavements, although the basic theoretical principles also apply to rigid
pavements. The input variables pertaining to the portland cement concrete
material were determined by the developer to enable the program to be used on
rigid pavement systems; these are listed in table 13. The other required input
variables are a function of the specific materials used for the base and subbase,
subgrade conditions, and environmental factors.

The accurate modeling of the effects of moisture and temperature on paving
layers is important in the design of a pavement system. The program was
developed to be used as an integral step in the design process as shown in figure
11. Using site-specific climatic data and detailed information about the paving
materials, the program generates materials properties and temperature and
moisture profiles over time. These outputs are, in turn, used as inputs to
structural analysis models, fatigue analysis models, and predictive models which
aid the engineer in the design of the pavement system. Through accurate
modeling of effect of moisture and temperature on the paving layers, a more
realistic pavement design can be achieved.

Brief Technical Description

The CMS program contains three discrete models: a temperature model, a
moisture model, and a material stiffness model. A detailed examination of each of
these models is presented in reference 11. A brief summary of the three models is
presented below:

1. The effect of temperature on the pavement system is modeled through the
use of a one-dimensional, forward-finite difference heat transfer model. This
heat transfer model was developed to evaluate the frost action and
temperature distribution in multilayered pavement systems.
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Table 13. CMS inputs for use with concrete pavements.

Variable Concrete Input

Thermal conductivity,

btu/hr-ft-°F

dry 0.54

10 % moisture 0.70

‘wet 1.0
Heat capacity, BTU/Ib-°F 0.23 (0.20-0.25)
Air content~qf surface, % 4.0
Short-wave absorptivity 0.65}
Emissivity factor 0.65
Material Code 1
Penétration value 60.0
Poisson’s ratio 0.15
Ring and Ball value 170.0
Stiffness value, kg/cm? PCC stiffness
Gravimetric Water Content 3.0

(percent of weight of solids)
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2. The moisture model, used to predict moisture movements through soils
subject to isothermal conditions, is based on a finite-difference solution to
the cases of 1- and 2-dimensional moisture movements. The model is
capable of characterizing the transient moisture conditions in subgrade soil
for a wide range of boundary conditions.

3. The properties of the granular materials are modeled though the use of the
resilient modulus. The resilient modulus of the granular materials will
change with varying moisture and temperature (frozen, unfrozen, or thaw-
recovery) conditions. Based on work by many researchers, regression
equations were developed to determine the material’s properties as a
function of temperature and moisture conditions.#*%

The accuracy of the CMS program output is highly dependent on the
quality of the input data. It is extremely important that the boundary conditions,
climatic conditions, and materials properties accurately represent the system to be
analyzed. The theoretical validity of the individual models comprising the CMS
model have been demonstrated, although the validity of the interaction of the
models has not been proven.”” This validation would require the instrumentation
and long-term monitoring of pavement sections to compare the outputs from the
CMS program to the actual field-measured values.

Analysis of Results

The CMS program was executed for one experimental project in each of the
four environmental zones. Due to the voluminous program outputs and the
proximity of the sections within the experimental projects, specific sections were
chosen for analysis within each project. The sections were selected based on the
base and subbase types. The results of each analysis will be presented on a
project by project basis. The sections which were chosen and the specific analyses
performed on each are shown in table 14.

Rothsay, Minnesota

The CMS program was executed twice using site-specific climatic data to
analyze the temperature differential through the portland cement concrete slab.
First, a rigorous analysis was performed for the week of July 15 through July 21,
1987. In this analysis, the temperature profiles through the depth of the 9 in (229
mm) slab were calculated (via the CMS program) at 12 am., 4 am., 8 am,, '
12 p.m,, 4 pm., and 8 p.m.. Secondly, the program was executed for the entire
month of June to examine the fluctuation in thermal gradient at 6 am. and 3 p.m.

The average thermal gradient is defined as shown in equation 25 below.
g =[TEMP,, - TEMP, ]/ THICK (25)

where:
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g = average thermal gradient, °F/in
TEMP,,,= temperature at the top of the slab, °F

TEMP,sm = temperature at the bottom of the slab, °F
THICK = thickness of the slab, in

Table 14. Specific sections and analyses performed using the CMS program.

Section Environmental
ID Region

Base
Type

Subbase
Type

Specific
Analysis

MN 1-1  Dry-Freeze

CA 1-1 Dry-Nonfreeze

MI 1-10a  Wet-Freeze

NC 1-1 Wet-Nonfreeze

AGG

CTB

ATB

AGG

NONE

24 in AGG

10 in SAND

NONE

Thermal analysis for
June 1987.

Materials stiffness
analysis for the
frozen, thaw-
recovery, and
unfrozen periods.

Thermal analysis for
the entire year
1987.

Thermal analysis for
the months of
January, April,
June, August, and
December, 1987.

Moisture analysis
for April 1987.

Thermal analysis for
July 1987.

A positive gradient indicates the top of the slab is warmer than the bottom
which normally occurs during the daytime. A negative gradient indicates that the
bottom of the slab is warmer than the top of the slab. The negative gradient
condition typically occurs during the cooler hours of the evening. The effect of
the thermal gradient on the development of stresses in concrete pavements is

discussed in section 5.

-—
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Figure 12 shows typical results for July 15, 1987 using the first analysis
approach. The temperature profile through the depth of the 9 in (229 mm) slab is
plotted for the specified times of the day. For July 15, 1987 the largest thermal
-gradient (g = [74.5 - 51]/9 = 2.61 °F/in [1.45 °C/mm]) occurred at 4 p.m. and the
smallest thermal gradient (g = 0.37 °F/in [0.21 °C/mm)]) at 4 am. The top of the
slab was never cooler than the bottom of the slab during entire day of July 15,
1987; therefore, a negative thermal gradient was not present that day. This may
be due to the high intensity of the solar radiation during this period of the year in
conjunction with the minimal cooling during the nighttime. The difference
between the maximum and minimum ambient temperature for July 15 was 14 °F
(7.8 °C) which is a relatively small change in temperature. This will also have an
effect on the thermal gradient through the slab. Table 15 presents a summary of
the thermal gradients for all of the times under analysis. For the chosen analysis
period, the maximum positive thermal gradient always occurs at 4 p.m. and, if the
climatic conditions are appropriate for the development of a negative thermal
gradient, the maximum negative gradient occurs at 4 a.m.

Table 15. Summary of thermal gradients at specified times
for MN 1-1 for July 15 through July 21, 1987.

THERMAL GRADIENT, °F/in

Date 12 am. 4 am. 8 am. 12 p.m. 4 p.m. 8 p.m.
7/15/87  0.56 0.37 1.05 2.10 2.61 2.01
7/16/87 045 1.08 1.44 2.29 3.67 1.89
7/17/87 013 0.95 1.29 2.12 248 1.78
7/18/87 -0.23 -0.76 0.30 1.93 2.30 1.65
7/19/87 -0.31 -0.79 0.13 2.09 2.51 1.82
7/20/87 -0.22 -0.82 0.25 2.00 2.39 1.69
7/21/87 -0.29 -0.87 0.70 1.85 2.25 1.72

Figure 13 shows the thermal gradient at 6 a.m. as it varies throughout the
month of June for MN 1-1. The thermal gradient at 6 a.m. is positive for the first
part of the month which may be due to high intensity solar radiation during this
period. The change in temperature between the daytime and nighttime hours was
relatively small (14 °F [7.8 °C]) for the period of positive thermal gradient (as
compared to about 25 °F [13.9 °C] for the period of negative thermal gradient).
Therefore, since the air temperature does not decrease as much, the temperature of
the surface of the pavement will not decrease either; that is, the pavement surface
does not cool as quickly because the air temperature is warmer. The 6 a.m.
gradient is negative during the last weeks of the month, as expected in the early
morning hours. Since the bottom of the slab retains heat from the previous day,
the slab surface is expected to be cooler during the morning hours, thus causing a
negative thermal gradient.
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ROTHSAY, MINNESOTA
TEMPERATURE VS. DEPTH

JULY 15, 1987

DEPTH (in)
10
8 R SR I TR
6 bmeecr e e
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2 I e
0 v 1 | !
55 60 65 70 75 80 85 90
TEMPERATURE (F)
—— 4am. —— 8am. =¥ 12p.m.
—&— 4pm. —>— 8p.am. —— 12am

Temperature Change = 14'F

Figure 12. Temperature profile versus depth through the slab on July 15,
1987, Rothsay, Minnesota.
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ROTHSAY, MINNESOTA
GRADIENT VS. DAY

THERMAL GRADIENT (R\IN) ' 6 a.m. GRADIENT
1
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Figure 13. Change in 6 a.m. thermal gradient in June 1987,
Rothsay, Minnesota.

ROTHSAY, MINNESOTA
GRADIENT VS. DAY

THERMAL GRADIENT (F/IN) 3 p.m. GRADIENT
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Figure 14. Change in 3 p.m. thermal gradient in June 1987,
Rothsay, Minnesota.
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The gradient at 3 p.m. for month of June is shown in figure 14. The
thermal gradient is positive as is expected during the hot hours of the day. The
sun warms the surface of the pavement rapidly while the bottom of the slab is
still cool. Higher thermal gradients are calculated for the early portion of the
month which may be due to the intensity of the solar radiation at the time due to
lack of cloud cover. The period of positive morning thermal gradient corresponds
with this same period of high negative daytime thermal gradient, supporting the
theory that the higher temperatures and intense solar radiation contribute to the
development of a positive thermal gradient.

In executing the CMS program and specifying the materials stiffness model,
the program was terminated prematurely due to an execution error. The file that
was used was identical to a file which executed for the analysis of the heat-
transfer model with the exception of the specification of the stiffness routine in
lieu of the heat-transfer routine. However, the equations for the analysis of the
materials stiffness are straightforward and an approximation of the frozen,
unfrozen, and thaw-recovery can be estimated manually as described on page 84.
It is important to note that the specific conditions present at a given depth of the
system cannot be evaluated manually. An estimate of the stiffness of the material
in the three temperature conditions is estimated, however, whether these
conditions are present at a given day of the year cannot be estimated without use
of the program. The program assumes that the granular base and subbase
materials are not influenced by the effects of frost in the same way that fine-
grained soils are affected. The base and subbase courses are treated in the
program as explained in reference 11:

The resilient modulus of the base and subbase materials do not vary throughout the year
to the extent that the fine-grained soils do. For prediction of the resilient modulus the
CMS program categorizes the course grained materials in one of two states; frozen or
unfrozen [standard]. Therefore, for the base and subbase materials, including the stabilized
materials, the user must input the values for the frozen and unfrozen resilient modulus.
The CMS program will then select the appropriate value for the material depending on the
location of the layer (which node in the system) in the pavement structure and the climatic
conditions.

The stiffness of fine-grained soils is greatly increased when the soil is in the
frozen state. However, during the thaw-recovery period, the stiffness of the
material is drastically reduced from its unfrozen (standard) state. The CMS
program uses the following equations to estimate the unfrozen resilient modulus
based on volumetric moisture content.
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For ¥, < 100 pcf (1602 kg/m®):
Eg =27.06 - 0.526*© ' (26)

For 7, > 100 pcf (1602 kg/md):

Eg =18.18 - 0.404*© (27)
where:
Eg; = resilient modulus at a repeated deviator stress of 6 psi (41.4 kPa), ksi
Y« = density of the soil, pcf
© = volumetric moisture content

The frozen and unfrozen (standard) resilient modulus values are calculated as
shown in equations 28 and 29 below:

Eo()=Eg * 100 (28)

Ex(®={[Eg * (100 - REDUCT)/100]/RECPER} + Eg * REDUCT (29)

where:
Ex(f) = frozen resilient modulus, ksi
Ex() = thaw-recovery resilient modulus, ksi
REDUCT = percentage reduction in Eg (default value = 10%)
RECPER = recovery period, days (default value = 60 days)

The results of the manual analysis are presented in table 16.

Table 16. Analysis of stiffness of the paving layers in the deep frost,
thaw-recovery, and nonfrost periods for MN 1-1.

Variable Input
Ya > 100 pcf
(3] 14.1%
REDUCT 10%
RECPER 60 days
Ey 12.5 ksi
Er() 1250 ksi
Ex(t) 1.44 ksi




It is important to note that if the CMS materials stiffness routine were
executable, the results would be far more in-depth. The analysis would evaluate
the pavement system based on the actual temperature conditions existing at
Rothsay for a given analysis period. The actual presence of the frozen, unfrozen,
and thaw-recovery period would be established based on those climatic conditions.

The results of the analysis show that at the onset of the spring thaw, the
subgrade is substantially weakened. This weakening may be attributed to the
dissolving of ice lenses in the subgrade layers and to the presence of excess
moisture. However, when the subgrade is frozen, the stiffness of the material
increases dramatically. This is supported by the decreased deflections measured
during periods of deep frost.

The developers state that the thaw-recovery period is critical in terms of the
strength of the subgrade layers. It can be seen from the model that a large
reduction in strength is probable at that time. If fine-grained subgrade soil is
subjected to many wheel loads during the thaw-weakened period, the subgrade
could experience permanent deformation which could potentially cause settlement
problems.

Tracy, California

The CMS program was executed twice using site-specific climatic data to
analyze the temperature differential through the portland cement concrete slab.
First, a rigorous analysis was performed for the week of July 15 through July 21,
1987. In this analysis, the temperature profiles through the depth of the 8.4 in
(213 mm) slab were calculated (via the CMS program) at 12 a.m., 4 am., 8 am.,,
12 pm., 4 p.m,, and 8 p.m. Secondly, the program was executed for the entire
year of 1987 to examine the fluctuation in thermal gradient at 6 am. and 3 p-m.

Figure 15 shows typical results for July 15, 1987 using the first analysis
approach. The temperature profile through the depth of the 8.4 in slab is plotted
for the specified times of the day. For July 15, 1987 the largest thermal gradient
(g = [109.0 - 82.5/8.4 = 3.16 °F/in [1.76 °C/mm)]) occurred at 4 p.m. and the
smallest (most negative) thermal gradient (g = -0.66 °F/in [-0.37 °C/mm]) at 4 am.
As expected, the maximum positive thermal gradient occurred during the
afternoon and the minimum thermal gradient occurred during the early morning.
Table 17 presents a summary of the thermal gradients for all of the times under
analysis.
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TRACY, CALIFORNIA

TEMPERATURE VS. DEPTH
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Figure 15. Temperature profile versus depth through the slab on July 15,
1987, Tracy, Califormia.



Table 17. Summary of thermal gradients at specified times
for CA 1-1 for July 15 through July 21, 1987.

THERMAL GRADIENT, °F/in

Date 12 am. 4 am. 8 a.m. 12 p.m. 4 p.m. 8 pm.
7/15/87 0.14 -0.66 0.38 1.48 3.16 2.35
7/16/87 017 -0.47 0.64 1.86 3.91 3.00
7/17/87  0.10 -0.77 041 2.22 3.85 2.71
7/18/87 0.15 -0.58 0.59 2.08 3.70 273
7/19/87  0.12 -0.81 0.33 1.69 3.22 2.26
7/20/87  0.09 -0.55 043 1.46 3.01 2.06
7/21/87 013 -0.49 0.62 1.31 3.88 217

For the chosen analysis period, the maximum positive thermal gradient
always occurs at 4 p.m. and the maximum negative gradient occurs at 4 am. The
gradient at 12 a.m. is positive and very close to zero. Sometime between 12 a.m.
and 4 am. the gradient changes from positive to negative and since the 12 a.m.
gradient is very near zero the change probably occurs closer to 12 am. Between 4
a.m. and 8 am. the gradient shifts once again, this time from negative to positive.
The time of the transition from negative to positive gradient changes from day to
day. The time is most likely a function of the amount (and intensity) of sunshine
in the early morning hours.” Due the high levels of solar radiation during the
daytime hours, the gradient increases rapidly to its maximum sometime the late
afternoon (near 4 p.m.). Between 4 p.m. and 12 am. the gradient gradually
decrease and the cycle repeats itself.

Figures 16 and 17 show the thermal gradient at 6 am. varies throughout the
year (1987) for CA 1-1. The thermal gradient at 6 a.m. is negative for the majority
of the year, as expected. The 6 am. gradient is highly variable throughout the
year. There are two periods where the thermal gradient is positive during the
morning hours. The first period of positive thermal gradient occurs in early
February and the second occurs in late February and early March. The daily
temperature change during those periods was relatively small compared to the
average temperature change for the month. For example, the average temperature
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Figure 16. Change in 6 a.m. thermal gradient from January
through June 1987, Tracy, California.

- TRACY, CALIFORNIA
GRADIENT VS. DAY

THERMAL GRADIENT (F/IN) € a.m. GRADIENT
0

AVE. DAILY MAX. TEMP. 75.4°F
AVE. DAILY MIN. TEMP. 48.1°F

MAX. DALY TEMP. 104°F
MIN. DAILY TEMP. 26°F

.1'4 1 i L L 1 1 1 1 L
182 202 222 242 262 282 302 322 342 362
JULY TO DECEMBER 1987

—— CA1-1 ’

Figure 17. Change in 6 a.m. thermal gradient from July through
December 1987, Tracy, California.
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drop between daytime and nighttime for February, 1987 was 22 °F (12.2 °C),
whereas, during the period of positive thermal gradient, the average temperature
drop was 15 °F (8.3 °C). A similar trend was observed at Rothsay.

Periods where the thermal gradient is highly negative typically correspond
to days when the maximum daytime temperature is much higher than the
minimum nighttime temperature. This change causes the slab surface to heat up
during the hot day and cool down quickly at night. On the other hand, the
temperature at the bottom of the slab is not affected by the solar radiation and
temperature nearly as much due to its greater depth.

The gradient at 3 p.m. for 1987 is shown in figures 18 and 19. The thermal
gradient is positive throughout most of the year, as expected, during the hot hours
of the day. The sun warms the surface of the pavement rapidly while the bottom
of the slab is still cool. As a general trend, the 3 p.m. thermal gradient peaks
during the summer months when the solar radiation is at a maximum and the
number of hours of sunshine are also at a maximum. During the cooler months
of the year, the 3 p.m. gradient is much closer to 0. This may be due to less
intense solar radiation, more frequent cloud cover, lower temperatures, and less
severe temperature variation between day and night during the cooler months. In
fact, there is a small period in December of 1987 when the 3 p.m. gradient is
negative. This could be caused by a rapidly decreasing air temperatures which
cools the top of the slab quickly. The bottom of the slab may stay warmer for a
longer period (due to its depth) and therefore a negative thermal gradient exists.

The relationship between the 6 am. and 3 p.m. thermal gradient is
interesting. It appears that the days when the 6 a.m. gradient is higher (more
positive), then the 3 p.m. gradient is higher also. The opposite is also true; on
days when the 6 am. gradient is lower (more negative), the 3 p-m. gradient is
lower. This phenomenon may be due to the fact that the cyclic air temperature
fluctuations affect both the top and bottom of the slab. The top of the slab and
the bottom of the slab respond to the changes in ambient temperature. As the air
temperature increases, the temperature at the top and bottom of the slab also
increase. However, they do so at different rates. The top of the slab is
significantly affected by exposure to solar radiation.

Clare, Michigan

The CMS program was executed to examine the changes in thermal gradient
with time of day and year, the temperature with depth in the slab, and the
determination of the frost penetration into the pavement system. The results of
these analysis are presented in figures 20 through 29.

The program was executed to determine temperatures at 12 am., 4 am., 8
am., 12 pm, 4 pm, and 8 p.m. for July 15 though July 21, 1987. Figure 20
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CLARE, MICHIGAN
TEMPERATURE VS. DEPTH
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Figure 20 . Temperature profile versus depth through the slab on July 15,
1987, €lare, Michigan.

91



CLARE, MICHIGAN
GRADIENT VS. DAY

THERMAL GRADIENT (F/IN} 6 a.m. GRADIENT

AVE. DAILY TEMP. CHANGE 25.4°F
MAX, DAILY TEMP. 80°F

1 1 1 1 ) 1 1 1 1 ] 1 3 1
1 3 5 7 9 11 13 15 17 19 21 23 25 27 29
APRIL 1987

— Ml 1-10a

Figure 21. Change in 6 a.m. thermal gradient in April 1987,

Clare, Michigan.
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Figure 22. Change in 3 p.m. thermal gradient in April 1987,

Clare, Michigan.
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Figure 23. Change in 6 a.m. thermal gradient in June, 1987
Clare, Michigan.
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Figure 24. Change in 3 p.m. thermal gradient in June 1987
Clare, Michigan.
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Figure 25. Change in 6 a.m. thermal gradient in August 1987,
Clare, Michigan.
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Figure 26. Change in 3 p.m. thermal gradient in August 1987,
Clare, Michigan.
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Figure 27.

Change in 6 a.m. thermal gradient in December 1987,
Clare, Michigan.
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shows the change in temperature with depth into the concrete slab for MI 1-10a
for July 15, 1987. For July 15, 1987 the largest thermal gradient (g = 2.90 °F/in [-
1.61 °C/mm)]) occurred at 4 p.m. and the smallest (most negative) thermal gradient
(g = -0.91 °F/in [-0.51 °C/mm)]) at 4 am. As expected, the maximum positive
thermal gradient occurred during the afternoon and the minimum thermal gradient
occurred during the early morning. Table 18 presents a summary of the thermal
gradients for all of the times under analysis.

Table 18. Summary of thermal gradients at specified times
for MI 1-10a for July 15 through July 21, 1987.

THERMAL GRADIENT, °F/in

Date 12 am. 4 am. 8 am. 12 p.m. 4 p.m. 8 p.m.
7/15/87  0.13 - =091 0.05 1.83 2.90 2.07
7/16/87 021 -0.73 0.05 1.95 2.91 2.01
7/17/87  0.19 -0.66 0.01 1.77 272 1.99
7/18/87  0.19 -0.62 0.04 2.04 2.51 2.10
7/19/87 0.14 -0.88 0.05 2.09 2.72 2.33
7/20/87  0.10 -0.80 0.06 2.00 2.62 221
7/21/87 0.5 -0.81 0.07 1.87 2.47 2.07

The observed trends are very similar to those observed at Tracy, California,
although at lower temperature levels. For the chosen analysis period, the
maximum positive thermal gradient always occurs at 4 p-m. and the maximum
negative gradient occurs at 4 am. Sometime between 12 am. and 4 a.m. the
gradient changes from positive to negative and since the 12 a.m. gradient is very
near zero the change probably occurs closer to 12 am. Between 4 a.m. and 8 am.
the gradient shifts once again, this time from negative to positive. The time of the
transition from negative to positive seems to occur very near 8 a.m. since the
gradient is very near zero at 8 am. Due the high levels of solar radiation during
the daytime hours, the gradient increases rapidly to its maximum sometime the
late afternoon (near 4 p.m.). Between 4 p.m. and 12 a.m. the gradient gradually
decrease and the cycle repeats itself.

Figures 21. through 28 shown the thermal gradient at 6 am. and 3 p-m. for
the months of April, June, August, and September of 1987. Again the trends at
Clare are similar to those observed at Rothsay, Minnesota and Tracy, California.
Throughout the year, the 6 a.m. thermal gradient is typically negative, although
two periods of positive gradient occur in June and August.” The 3 p-m. gradient is
positive with the exception of two periods of negative gradient in December. The
overall results of these analysis are summarized below:
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. The graph of the 6 a.m. and 3 p.m. gradients for April, 1987 are shown
in figures 21 and 22. As expected, the 6 a.m. thermal gradient is
‘negative throughout the month and the 3 p.m. thermal gradient is
positive throughout the month. The gradient is low (at both times)
for the first few days of the month and then increases rapidly,
corresponding to a period of higher temperatures (both day and
night), less extreme drops in temperature, and high levels of solar
radiation. Due to these higher temperatures, the entire slab warms.
The difference in temperature between the top and bottom of the slab
is less pronounced during the morning hours because the nighttime
temperature is warmer and the top of the slab does not cool as
quickly. Whereas during the daytime hours, the top of the slab
warms quickly and the bottom of the slab warms slower causes a
larger difference in temperature. The gradient gradually decreases

" (becomes more negative at 6 a.m. and decreases at 3 p.m.) throughout
the rest of the month.

. The graph of the 6 a.m. and 3 p.m. gradients for June, 1987 are shown
in figures 23 and 24. The thermal gradient at 6 am. is positive for
the first 7 days of the month, corresponding to a positive gradients at
3 pm. This may be attributed to the intense solar radiation and
relatively low changes temperature between the daytime and
nighttime temperature during the first few days of the month. The
gradient gradually decreases throughout the remainder of the month.

d The graph of the 6 a.m. and 3 p.m. gradients for August, 1987 are
shown in figures 25 and 26. These graphs show the same trend as
the graphs of the June gradients. The same temperature trends
caused the similar behavior of the thermal gradients seen in these
figures.

. The graph of the 6 a.m. and 3 p.m. gradients for December, 1987 are
shown in figures 27 and 28. The 6 am. gradient is always negative
as expected. The top of the slab is cooler than the bottom due to the
cooling of the top of the slab at night. The 3 p.m. gradient is
negative for a large portion of the month. This may be attributed to
the cold temperatures and the prevailing cloud cover during the
month. Because of the cloud cover, the top of the slab is not
warmed by solar radiation and does not get warmer than the bottom
of the slab. The daily temperature changes are not nearly as severe

" in the month of December as they were in April, June, and August
and therefore, the thermal gradient is not as large during the daytime
or small during the nighttime.

Figure 29 shows the depth of the frost line within the pavement structure at

6 am. and 3 pm. for MI 1-10a. The program was executed for January 1987.
The figure shows that the slab is frozen at 6 a.m. and 3 p.m. during the latter part
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of the month. The temperature wavered just below freezing for the first part of
the month where no frost lines are present. The temperatures toward the end of
the month decreased to around an average 10 °F (-12.2 °C) during the day and
below 0 °F (-18 °C) at night with very low temperatures occurring at the end of
the month. The frost lines illustrate that the pavement is typically frozen deeper
into the structure at 6 am. than it is at 3 p.m. This is expected due to the
warming of the pavement surface from the sun.

The moisture model was attempted using the MI 1-10a during the month of
April, 1987. The results provided by the program were somewhat confusing, in
that, the moisture content of the soil did not change from the moisture content
which was initially input into the program. A closer examination of the model
provided an explanation of these results. The moisture analysis within the CMS
program is based on five basic principles as follows:

1. The trend in pore water pressure, under certain conditions at a given
level of the subgrade, is towards an equilibrium value depending
solely on the height above the ground water level.

2. There is a relationship between the pore water pressure in the soil at
a given level and the suction of the soil.

3. There is a relationship between the soil suction and the water content
of the soil. '

4. The temperature of the subgrade soil beneath the pavement structure

is constant uniform, and above freezing.

5. The subgrade cannot receive moisture by infiltration through the
surface of the pavement or by migration from adjacent soil masses
with higher pore pressure, nor can it give up moisture by evaporation
or migration to adjacent soil masses having a lower pore pressure.

The Clare sections were placed on a sandy soil (A-2-4) and the depth to the
water table was greater than 6 ft (1.8 m). The combination of the soil type and
the depth of the water table is not conducive to the movement of moisture and
therefore, the moisture content of the soil did not change throughout the analysis
period.

Rocky Mount, North Carolina

Figure 30 shows the graph of temperature versus depth for July 15, 1987 for
the same times as specified for the MN 1-1, CA 1-1, and MI 1-10a. For July 15,
1987 the largest thermal gradient (g = 2.97 °F/in [1.65 °C/mm]) occurred at 4 p-m.
and the smallest (most negative) thermal gradient (g = -0.47 °F/in [-0.26 °C/mm])
at 4 am. As expected, the maximum positive thermal gradient occurred during
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Figure 30. Temperature profile versus depth through the slab on July 15,
1987, Rocky Mount, North Carolina.
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the afternoon and the minimum thermal gradient occurred during the early
morning. Table 19 presents a summary of the thermal gradients for all of the
times under analysis.

Table 19. Summary of thermal gradients at specified times
for NC 1-1 for July 15 through July 21, 1987.

THERMAL GRADIENT, °F/in

Date 12 am. 4 am. 8 am. 12 p.m. 4 p.m. 8 p.m.
7/15/87  0.03 -047 0.01 1.41 2.97 2.06
7/16/87  0.10 -0.47 0.03 1.44 291 2.50
7/17/87  0.11 -0.53 0.13 1.53 3.02 2.30
7/18/87  0.12 -0.55 0.10 1.59 2.80 2.11
7/19/87 017 -0.49 0.09 1.58 291 2.22
7/20/87  0.03 -0.08 031 2.12 2.95 2.06
7/21/87  0.02 -0.09 0.33 2.29 3.03 2.02

The observed trends are very similar to those observed at Tracy and Clare.
For the chosen analysis period, the maximum positive thermal gradient always
occurs at 4 p.m. and the maximum negative gradient occurs at 4 a.m. Sometime
between 12 am and 4 am. the gradient changes from positive to negative and
since the 12 am. gradient is very near zero the change probably occurs closer to
12 am. Between 4 am. and 8 a.m. the gradient shifts once again, this time from
negative to positive. The time of the transition from negative to positive seems to
occur very near 8 a.m. since the gradient is very near zero at 8 am. Due the
high levels of solar radiation during the daytime hours, the gradient increases
rapidly to its maximum sometime the late afternoon (near 4 p.m.). Between 4
p-m. and 12 am. the gradient gradually decrease and the cycle repeats itself.

Figures 31 and 32 show the thermal gradients at 6 am. and 3 p.m. for the
month of July for NC 1-1. The 6 a.m. gradient is negative during the first portion
of the month and then becomes positive toward the end of the month. This may
be attributed to a very warm period. The temperature change between the
daytime and nighttime were, on average, 12 °F (6.7 °C) for the period between the
July 19 and July 31. This warm period also accounts for the high levels of
positive gradient at 3 p.m.

Conclusion and Recommendations

CMS is a very comprehensive and theoretically rigorous analysis program
which provides detailed outputs. The main usage of the program in the design of
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Figure 31. Change in 6 a.m. thermal gradient in July 1987,
Rocky Mount, North Carolina. ;
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rigid pavements is the analysis of thermal gradients and the determination of the
stiffness of the unbound paving layers during the thaw-recovery period.

The site-specific and accurate determination of thermal gradients, which
could otherwise only be determined by long-term pavement instrumentation and
monitoring, can aid the design engineer in the determination of thermal stresses.
Additional work is in progress to modify, revise, and enhance the CMS program
for ease of use and greater applicability. It is being combined with other climatic
models to allow for the complete evaluation and analysis of environmental factors
as they impact pavement design.

With the advent of resilient modulus testing, the properties of the subgrade
under repeated loading behavior have been researched extensively. The results
show that the resilient modulus decreases tremendously during the thaw-recovery
period, especially for frost-susceptible soils. The CMS program incorporates this
concept into the procedure. However, in order to use the CMS materials model
with any degree of accuracy, the resilient modulus testing of the granular layers
must be performed for the unfrozen condition.

The effects of thaw-weakening of the subgrade soil has largely been ignored
in the design of rigid highway pavements, although it has been considered in the
design of airfield rigid pavements. The weakened lower layers provide decreased
support to the slab during the thaw-recovery period. Repeated traffic loading in
combination with the weakened condition of the support layers may damage the
slab. Incorporation of this into a design procedure would aid in reducing failures
associated with loss of support. ‘

Although the program provides a tremendous amount of useful information,
the inputs required for the program are obscure, difficult to obtain, and quite
numerous. A listing of the input variables required for an execution of the
program is provided in appendix C of volume VI

Several problems were encountered in running the analyses. These were:

1. The materials model did not execute. Input files which executed
successfully when specifying the heat transfer model did not execute
successfully when specifying the materials model. The identical input
file was used to execute the materials model and an execution error
resulted. The specification of the model for analysis is accomplished
by a numeric flag in the first line of the input file (e.g., 1, if the
model is specified; 0, if the model is not specified). The numeric flag
was changed in an input file which executed successfully; however,
when specifying the heat-transfer model, the same input file did not
execute successfully.

2. The moisture model was specified for several analysis periods using
MI 1-10a. The moisture content of the soil remained the same as the
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moisture content input into the program. This result is expected due
to the depth of the water table and the soil type at Clare (A-2-4).
"“CMS calculates moisture changes in the subgrade soil due to
isothermal movement from the water table only, meaning no moisture
enters the pavement system through the surface of the pavement or
though the edges of the pavement. Surface infiltration has been
shown to contribute to moisture in the pavement system.®*”

3. While each of the models are theoretically very rigorous and have
been tested individually, the iteration between the models has never
been tested or compared to instrumented pavements to determine its
accuracy. This would require long-term monitoring of instrumented
pavements, of which several such projects are underway.

4, EVALUATION OF THE LIU-LYTTON DRAINAGE MODELS
Introduction |

The rate of deterioration of a pavement system is greatly increased by
excess moisture in the system. Traffic loads in combination with moisture trapped
in the lower paving materials can cause pumping and loss of support which can
lead to faulting, corner breaks, and other distresses in rigid pavements. The Liu-
Lytton drainage models provide a method of computing the amount of rain water
that penetrates into a pavement through cracks and joints, and subsequently the
rate of drainage out of the base course into the subgrade and into a lateral
drainage system.

The accurate modeling of the effects of moisture on paving layers is
important in the design of a pavement system. The program’s outputs can be
used in the design process to examine deterioration of the paving layers based on
moisture infiltration into those layers. Using site-specific climatic data and detailed
information about the paving materials, the program generates materials properties
as a function of the free moisture available in the system. Based on the climatic
inputs, the program generates the probability distribution for the saturated
condition. This shows the user the percentage of the year the lower paving layers
will be in the weakened state.

This output can be used as inputs to structural analysis models, fatigue
analysis models, and predictive models which aid the engineer in the design of the
pavement system. Through accurate modeling of effect of moisture on the paving
system a more realistic pavement design is achieved.

Brief Technical Description
A detailed technical description of the program as well as a derivation of

the models is presented in reference 13. A summary of the five parts of the
procedure is given below:
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An estimation of the amount of precipitation that falls on the
pavement each day is calculated. A gamma distribution is employed
for describing the probability density function for the quantity of rain
that falls.

The program determines the infiltration of the water through the
cracks and joints in the pavement surface. One of two methods are
used to determine the infiltration of water through the joints and
cracks. Ridgeway’s infiltration rate is employed, if the user provides
the length of cracks and joints.®” If the user does not provide the
length of joints and cracks, the model developed by Dempsey and
Robnett is employed.®®

The computation of the simultaneous drainage of water into the base
and subgrade and into a lateral subdrainage system is performed by
the program. A new method was developed by Liu and Lytton to
compute the drainage of the pavement which overcomes the
assumption of a straight line phreatic surface and an impermeable
subgrade.

Through the use of a Markov chain model, the probabilities of the
wet and dry conditions of the base course and subbase course are
estimated.

- The effect of moisture contents on the strength (modulus) of the
lower paving layers is determined. The effect of saturation on the
resilient modulus of the base course and the subgrade are calculated
using linear relationships developed by various researchers.®*®

‘ As with the CMS model, the accuracy of this model is highly dependent on
the input variables. In order to accurately characterize the pavement system in
terms of the effectiveness of the drainage system, the probability of saturation, and
determination of the structural properties of the paving layers, it is extremely
important that accurate climatic data be used.

Analysis of Results

The Liu-Lytton program was executed for each of the large experimental
projects in each of the four environmental zones. The results of the analyses will
be presented individually for each project.

In order to execute the program using these experimental projects, several
assumptions were made. These assumptions are presented below:

The program analyzes only sections with base course materials with
permeabilities greater than 0.0001 ft/day (0.00003 m/day kPa). In
order to analyze sections which included impermeable stabilized base
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course materials, it was assumed that all of the cracks and joints in
the surface course also existed in the stabilized base course and
therefore, the water which infiltrated through the surface would also
permeate through the base and into the subbase and subgrade. For
sections with impermeable stabilized base courses, the subbase
materials were modeled as the base material; hence, the program
calculates the drainability of the subbase layer and subgrade. If the
section had no subbase material beneath the stabilized base, the
subgrade information was input as base information as well as
subgrade information since the program requires base course
information.

Those sections containing permeable asphalt-treated base materials
were analyzed as if the base course were granular material. The
actual permeability and the calculated porosity of the layer were used
as inputs to the program.

Many of the sections were constructed on a granular subbase. The
program only allows the user to model a single base layer over the
subgrade. Sections which contained a granular base and a granular
subbase were modeled as a single granular layer over subgrade.
Sections with impermeable stabilized bases over granular subbases
were modeled as explained in 1 above.

" During the field surveys, the amount of cracking in the asphalt
concrete shoulders was not recorded, although, it was recorded for
the tied PCC shoulders. Therefore, the cracking in the shoulders was
not considered in the analyses.

The program only analyzes fine-grained soils, as classified by
AASHTO (A-4 through A-7-6). The MI 1, CA 1, and NC 1 sections
were all placed on course-grained soils. An A-4 soil was chosen for
these sections in order to perform the analyses.

The transverse slope chosen for the analysis was the minimum slope
measured over the entire section. Typically three transverse slope
measurements were taken within the project, the minimum of these
three slopes was used in the analysis to render a worst case scenario.

The permeability of the subgrade material was determined from -
county soils maps based on soil type.

Since the program does not accept more than 99 consecutive dry
days, 99 dry days were input for the CA 1 sections, which actually
experienced over 140 consecutive dry days over the year. :

The site-specific climatic data for 1987 was used for all sections.

106



Rothsay, Minnesota

The Liu-Lytton drainage model was executed for each of the experimental
projects at Rothsay. The results of the analysis of the drainage time are
summarized in table 20. The results are also presented graphically for MN 1-1,
MN 1-5, and MN 1-9 in figure 33.

Table 20. Summary of the results of the Liu-Lytton percent drainage
versus time analyses for MN 1.

Percent Drainage Versus Time To Drain, hours

SectionID 5% 25 % 50 % 85 % 989 %
MN 1-1 0.0110 0.0593 0.128 0.239 0.309
MN 1-2 0.0363 0.1700 0.285 0.806 1.55
MN 1-3 0.0094 0.0516 0.115 0.226 0.295
MN 14 0.0083 0.0485 0.110 0.222 0.335
MN 1-5 0.0094 0.237 0.989 425 0.843
MN 1-6 0.0096 0.237 0.989 4.25 0.843
MN 1-7  0.0312 0.730 3.11 6.48 6.48
MN 1-8 0.0098 0.237 0.989 4.25 0.843
MN 1-9 0.0098 0.237 0.989 425 0.843
MN 1-10  0.0098 0.237 0.989 4.25 0.843
MN 1-11  0.0312 0.732 3.10 15.7 16.0
MN 1-12  0.0312 0.732 3.10 15.7 16.0

In examining the results of this analysis, several interesting trends are seen.
MN 1-1 through MN 1-4 were placed on aggregate base courses. These are the
only sections out of the experimental project which are within the assumptions of
the program. The results for these aggregate base sections show that the
aggregate material drains quite rapidly.

Sections MN 1-1, MN 1-3, and MN 1-4 exhibited high degrees of drainage
in very short time periods. The degree or percent of drainage is defined as the
area drained at a specified time divided by the total area of the analysis cross
section (times 100). In fact, 98.9 percent of the cross sectional area drained within
less than 0.34 hours. Section MN 1-2, however, drained relatively slower; this
system reached 98.9 percent drainage within 1.55 hours. The drainage times differ
due to the differences in permeabilities of the aggregate layers. The base course
permeabilities of quick draining sections in the 0.7 range, whereas, the base course
permeability of slower draining section was 0.17. The permeability of the base
course plays a tremendous role in the drainage capabilities of the system.
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(MN 1-5 and MN 1-9 follow same curve)

Figure 33. Percent drainage versus time for MN 1-1, MN 1-5, and MN 1-9.
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The remaining sections were constructed with either asphalt-treated bases
(MN 1-5 through MN 1-8) or cement-treated bases (MN 1-9 through MN 1-12)
which were placed directly on the subgrade. Sections MN 1-5, MN 1-6, MN 1-8,
MN 1-9, and MN 1-10 illustrated a suspicious trend. These sections all displayed
a negative -1.04 percent transverse slope. The transverse slope plays a large role
in the calculation of the degree of drainage at a specified time. The models for
the degree of drainage versus time were developed at TTI for the cases of flat
(horizontal) and sloping bases. The equations of interest are shown below:

Case 1. - Less than or equal to 33 percent degree of drainage
T =(3/2)*S*U - (3/8)*S*In[(S + 4*U)/S] (30)
Case 2. - Greater than 33 percent degree of drainage
'f =S/2 - (3/8)*S*In[(3S + 4)/35] +
S*In[(9S - 9SU + 8)/(*(1 - UI3S + 4)] 31)

where:
T =time factor
=(t*k *H/(m *L?)
t =time
k, =permeability coefficient of the base course
- H =thickness of the base course
n, =effective porosity of the base course
L =length of the drainage section (half-width of the pavement
structure)
S =slope factor
=H/[L*tan(slope angle)]
U =degree of drainage
=drained area/total area

For the case of the Rothsay sections in question, the values of k, (0.500
ft/day [0.15 m/day]), H (99 ft [30.1 m]), n, (0.238), L (15 ft [4.6 m]), and S (slope
= -1.04 percent) are all constant. If the user inputs a negative value for the slope,
the program assigns the slope as 0.00001 percent. This was learned through an
examination of the FORTRAN source code. It was not presented in the
documentation of the program, the user’s guide, or within the interactive input
processor. The source code and program documentation revealed that the sign
convention for the determination of the slope is not clearly presented. The slopes
calculated under this study followed the typical convention as shown in the
equation 32.

Slope = (elevation of the lane/shoulder joint - elevation of the centerline) * 100 % (32)
distance between the centerline and lane/shoulder joint
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Therefore, for a typical crown section, which is sloping away from the
centerline in both directions, the slopes are always negative. The only time that
positive slopes occur is on a superelevated section. Within the program, a positive
slope is assumed to be what has been defined as a negative slope under this
study.

As shown above, if a negative slope of any magnitude is input, the program
reassigns the slope as an extremely small slope. Furthermore, when the input
variables are echoed in the output file, the user input slope is echoed and not the
slope actually used in the calculation. The user is never aware that the slope is
changed within the program. Therefore, input of a negative slope provides
inaccurate results. A clear definition of the sign convention within the program
documentation, user’s guide, and interactive input processor must be provided.

For the particular inputs used for the sections with questionable results, the
parabolic equation begins to decrease before the 100 percent degree of drainage is
obtained. This phenomenon is more a function of the specific inputs than the
accuracy of the equation. The equation was derived from basic principles of
moisture movement and is theoretically correct.™®

The remaining sections in which the drainage times appear reasonable, had
larger drainage lengths (27 ft [8.2 m]) and much different slopes (+2 percent and -
5 percent), however, k,, H, and n, are identical to the other sections. Section MN
1-7 had a +2 percent slope and achieved a 98.9 percent degree of drainage within
6.5 hours, whereas sections MN 1-11 and MN 1-12 had a -5 percent slope and
achieved a 98.9 degree of drainage within 16 hours. Since the sections are
identical with the exception of the slopes, it is expected that the section with the
largest absolute value of the transverse slope would drain the quickest. This is
not the case due to the assignment of a small positive slope (0.00001 percent) for
the negative value of slope which was input. This results in a lesser degree of
drainage for a given time period.

The program gives an overall rating of the degree of drainage as either
satisfactory, marginal, or unsatisfactory based on the Moisture Accelerated Distress
(MAD) index.(34) The MAD index is based on the time required to drain the
pavement to an 85 percent saturation level. The time required to reach the critical
level of saturation for all of the Rothsay granular base sections is calculated in the
range of 0.02 hours to 0.04 hours for MN 1-1, MN 1-3, and MN 1-4. For MN 1-
2, which exhibited a lower permeability, the time to reach the critical degree of
drainage is calculated as 0.15 hours. All of the Rothsay sections were rated as a
satisfactory drainage design.

Figure 34 shows the relationship between percent saturation of the base
course material and the base course modulus for the MN 1 sections with the
granular base materials. Similar figures for stabilized materials are meaningless
because of the assumptions of the program. As can be seen in the figure, when
the base course is saturated, the strength of the material is greatly reduced. A
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Figure 34. Percent saturation versus base course modulus
for MN 1-1, MN 1-2, MN 1-3, and MN 1-4.
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rapid decline in strength is seen as the levels of saturation increase from 60 to 100
percent. The relationships used in the determination of the base modulus are as
shown in table 21. Because the base materials are well draining, the base is only
in the weakened state for 0.04 to 0.05 hours (to a level of 85 percent saturation).

Table 21. Relationships used in the Liu-Lytton drainage program
to determine the base strength based on the level of saturation.

Degree of Saturation Rate of Modulus Change
0 % -- 60 % Constant
60 % -~ 85 % 0.24
> 85 % 35

The relationship between the level of saturation of the subgrade and the
modulus of the subgrade is shown in figure 35. As the subgrade soil becomes
more saturated, the modulus of the subgrade decreases. The fine-grained
subgrade soils do not have a critical level of saturation as do the granular base
materials. The decrease in modulus is determined by a set of relationships which
were developed to determine the strength of the fine-grained soil as a function of
the density and the degree of saturation. It is important to note that these
relationships were developed only for fine-grained soils, which in this case is
acceptable. However, in other cases, the subgrade soil is coarse-grained and no
guidance is provided on how to input and/or analyze these cases.

The probability of wet base course was calculated to be 0.001 for all of the
granular base sections. This probability is based on the rainfall distribution, the
system’s degree of drainage achieved within a 24-hour period, infiltration of
moisture through the surface of the pavement, and the degree of saturation of the
base course material. The overall base course modulus for all of the granular
sections is calculated as 209.3 ksi (1443 MPa), which seems high for a base course
material.’ This value is computed by considering the wet condition of the base
due to precipitation and infiltration, the material strength of the base course
affected by the different saturation levels, and the dry and wet probabilities ‘of the
base course. The average wet modulus of 209.3 ksi (1443 MPa) is calculated by
determining the average of a gamma distribution based on the wet and dry
conditions. . - :

! The elastic modulus is determined based on material testing performed on
various types of materials. Crushed limestone material was determined to have a
modulus of 209.3 ksi (1443 MPa) and gravel material was determined to have a
modulus of 64.4 ksi (444 MPa). These defaults are built into the program.
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Figure 35. Percent saturation versus subgrade modulus for
MN 1-1, MN 1-2, MN 1-3, and MN 1-4.
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Tracy, California

The 5 experimental sections located on I-5 near Tracy were evaluated using
the Liu-Lytton drainage model. Since the base course is either cement-treated or
LCB, the drainability of the 24-in (610 mm) subbase material was evaluated. The
results of the drainage time analysis are shown in table 22. Graphically, these
results are illustrated in figure 36, for CA 1-1, CA 1-7, and CA 1-9.

Table 22. Summary of the results of the Liu-Lytton percent drainage
versus time analyses for CA 1.

Percent Drainage Versus Time To Drain, hours

Section D 5% 25 % 50 % 85 % 99.8 %

CA 1-1 0.0052 0.134 0.678 4.87 129
CA 13 0.0368 0431 1.47 3.92 9.54
CA 1-5 0.0176 0.343 1.33 3.84 - 146
CA 17 0.0217 0.366 1.33 3.84 14.6
CA 19 0.0163 0.331 1.30 4.61 15.8

The slight differences seen in the drainage times between the sections can
be atiributed to the combination of the permeabilities and porosities of the subbase
and subgrade layers. The permeability and porosity of the subbase layer is
required as an input to the program; however, the program computes the porosity
and permeability of the subgrade layer. The permeabilities and porosities of the
subbase and subgrade are shown in table 23.

Table 23. Permeabilities and porosities of subbase and subgrade for CA 1.

Subbase Subgrade
Section ID k,, ft/day n, k, ft/day n,
CA 1-1 . 26.3 0.303 0.110 0.0596
CA 1-3 0.75 0.303 0.110 0.1783
CA 1-5 2.32 0.303 0.110 0.1274
CA 1-7 1.65 0.303 0.110 0.1412
CA 19 2.72 0.303 0.110 0.1214
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Figure 36. Percent drainage versus time for
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The porosity of the subgrade is calculated by the program through a
relationship between the permeability and porosity of the subbase material and the
permeability and porosity of the subgrade material. The low calculated porosity of
the subgrade material of section CA 1-1 accounts for its relatively low percent of
drainage despite its high subbase permeability. The opposite is true for CA 1-3;
the high subgrade porosity accounts for the high percent drainage despite its low
subbase permeability. It is interesting to note that actually CA 1-3 (lower
permeability) initially drains slower, which is when drainage is critical. Thus, the
material remains at a higher level of saturation for a longer time period.
However, once a 33 percent (see equation 30) degree of drainage is achieved, this
section drains more rapidly.

Figure 37 shows the relationship between percent saturation of the subbase
material and the subbase modulus for CA 1-1, 1-7, 1-9. As can be seen in the
figure, when the base course is saturated, the strength of the material is greatly
reduced. The reduction in strength is calculated using the relationships presented
in table 21.

Table 24 shows the time required for the pavement to reach the 85 percent
saturation level. Based on the time required to reach an 85 percent degree of
saturation, all of the Tracy sections were rated to exhibit satisfactory drainage.

Table 24. Time required to reach an 85 percent saturation level for CA 1 sections.

Section ID Time, hours
CA 1-1 0.17
CA 1-3 0.52
CA 15 0.40
CA 1-7 0.23
CA 19 0.21

The relationship between the saturation of the subgrade and the modulus of
the subgrade for CA 1-1, CA 1-7, and CA 1-9 is shown in figure 38. As expected,
the modulus of the subgrade decreases as the subgrade soil becomes more
saturated. In this case, the subgrade soil is coarse-grained (A-la and A-2-4).
However, in using the model, the soil was modeled as an A-4 soil.

The probability of wet (weakened) subbase course is shown in table 25.
The probability of a wet subbase is very small for these sections. Section CA 1-1,
which has the highest subbase permeability shows the lowest probability. The
average subbase modulus in the wet and the dry states for all of the sections is
64.4 ksi (444 kPA).
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Figure 38. Percent saturation versus subgrade modulus for
CA 1-1, CA 1-7, and CA 1-9.
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Table 25. Probability of a wet subbase course for the CA 1 sections.

Section ID Probability of Wet Subbase
CA 11 0.006
CA 1-3 0.013
CA 1-5 0.012
CA 1-7 0.012
CA 19 0.012

Clare, Michigan

The experimental sections located on US 10 near Clare were evaluated using
the Liu-Lytton drainage model. A number of different base course materials were
built within the Clare project. These include aggregate base material (MI 1-1a, MI
1-1b, MI 1-7a, and MI 1-7b), permeable asphalt-treated base material (MI 1-4a), and
dense-graded, asphalt-treated base material (MI 1-10a, MI 1-10b, and MI 1-25).

The permeable asphalt-treated material was analyzed as if it were an aggregate
base. The actual permeability of the treated material was used for the analysis.
The drainage capabilities of the subbase material was analyzed for sections with
asphalt-treated bases and full-depth AC shoulders. The results of the drainage
time analysis are shown in table 26. Graphically, these results for MI are
illustrated in figure 39.

Table 26. Summary of the results of the Liu-Lytton percent drainage
versus time analyses for MI 1.

Percent Drainage Versus Time To Drain, hours

Section ID 5 % 25 % 50 % 85 % 99.5 %
MI 1-1a 0.0627 0.260 0.402 445 532

MI 1-1b 0.264 1.11 1.74 18.1 203

MI 1-4a 0.0024 0.0476 0.174 0.444 0.705
MI 1-7a 0.262 1.14 1.94 18.1 23.2

MI 1-7b 0.132 0.584 0.981 8.64 11.7

MI 1-10a 0.0102 0.179 0.588 1.01 1.89

MI 1-10b 0.0174 0.0989 0.226 0.454 0.585
MI 1-25 0.0341 0.170 0.307 0.402 0.574

The differences seen in the drainage times (between the sections) can be
attributed to the combination of the permeabilities and porosities of the subbase
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Figure 39. Percent drainage versus time for
MI 1-la, MI 1-4a, and MI 1-10b.
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and subgrade layers. The permeabilities and porosities of the subbase and
subgrade are shown in table 27.

Table 27. Permeabilities and porosities of subbase and subgrade for MI 1.

Subbase Subgrade
Section ID k, ft/day n, k, ft/day n,
MI 1-1a 0.04 0.189 0.50 0.189
MI 1-1b 0.01 0.201 0.46 0.201
MI 1-4a 316.56 0.900 0.50 0.351
MI 1-7a . 0.01 0.195 0.07 - 0.195
MI 1-7b 0.02 0.195 0.11 0.195
MI 1-10a 448 0.308 0.14 0.114
MI 1-10b 0.76 0.326 0.47 0.326
MI 1-25 0.32 0.326 0.62 0.326

Due to the low permeabilities of the dense-graded aggregate base, these
sections showed the lowest degree of drainage for a given time. The sections with
the asphalt treated material, in which the subbase material was analyzed, show
much higher degrees of drainage for a given time period. The high permeability
and porosity of the asphalt-treated permeable material (MI 1-4a) account for the
high degree of drainage for a given time period.

Figure 40 shows the relationship between percent saturation of the base or
subbase material and the base or subbase modulus for MI 1-1a, 1-4a, 1-10b. As
can be seen in the figure, when the base course is saturated, the strength of the
material is greatly reduced. The reduction in strength is calculated using the
relationships presented in table 21. Table 28 shows the time required for the
pavement to reach the 85 percent saturation level. Based on the time required to
reach an 85 percent degree of saturation, all of the Clare sections appear to exhibit
satisfactory drainage.

The relationship between the percent saturation of the subgrade and the
modulus of the subgrade for MI 1-1a, MI 1-4a, and MI 1-10b is illustrated in
figure 41. As expected, as the subgrade soil becomes more saturated, the modulus
of the subgrade decreases. In this case, the subgrade soil is coarse-grained (A-2-
4). However, in using the model, the soil was modeled as an A-4 soil. Therefore,
the results of this analysis may be misleading.
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Figure 41. Percent saturation versus subgrade modulus for
: MI 1-la, MI 1-4a, and MI 1-10b.
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Table 28. Time required to reach an 85 percent saturation level for MI 1 sections.

Section ID Time, hours

MI 1-1a : 0.23
MI 1-1b 1.01
MI 1-4a 0.03
MI 1-7a 1.23
MI 1-7b 0.63
MI 1-10a 0.14
MI 1-10b 0.09
MI 1-25 0.15

The probability of wet (weakened) subbase course is shown in table 29. It
is observed that the chances of finding the subbase in the wet state are very small.
Again, these probabilities are based on a number of factors including the rainfall
distribution, the system’s degree of drainage achieved within a 24-hour period,
infiltration of moisture through the surface of the pavement, and the degree of
saturation of the base course (or subbase) material.

Table 29. Probability of a wet subbase course for the MI 1 sections.

Section ID Probability of Wet Base or Subbase
MI 1-1a 0.006
MI 1-1b 0.025
MI 1-4a 0.003
MI 1-7a 0.028
MI 1-7b 0.014
MI 1-10a 0.008
MI 1-10b 0.003
MI 1-25 0.004

The average base course modulus in the wet and the dry states for all of
the granular base sections is 209.3 ksi (1443 MPa). The average subbase modulus
in the wet and dry states for all of the sections with stabilized base courses is 64.4
ksi (444 MPa).
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Rocky Mount, North Carolina

A number of different base courses were constructed on this experimental
project. - These include aggregate bases (NC 1-1, NC 14, NC 1-7, and NC 1-8),
soil-cement bases (NC 1-2 and NC 1-3), cement-treated bases (NC 1-5), and
asphalt-treated bases (NC 1-6). The sections constructed with stabilized base
courses were analyzed to evaluate the subgrade drainability by entering the
subgrade information for both the base and subgrade inputs.

The results of the drainage time analysis are shown in table 30.

Graphically, these results for NC 1-1, NC 1-2, and NC 1-7 are illustrated in figure
42.

Table 30. Summary of the results of the Liu-Lytton percent drainage
versus time analyses for NC 1.

Percent Drainage Versus Time To Drain, hours

Section ID 5 % 25 % 50 % 85 % 99.5 %
NC 1-1 0.0307 0.137 0.216 1.58 243
NC 1-2 0.0023 0.547 2.38 6.94 7.39
NC 1-3 0.0373 0.876 3.78 - 17.8 - 179
NC 14 0.0406 0.179 0.285 2.36 3.17
NC 1-5 0.108 2.55 1.11 32.6 34.6
NC 1-6 0.0246 0.579 2.50 11.8 11.8
NC 1-7 0.0284 0.127 0.201 1.38 2.14
NC 1-8 0.0265 0.119 0.188 1.18 1.92

The sections with the granular base materials drained far more rapidly than
those with stabilized layers. Since the analysis of impermeable stabilized bases is
not possible, the subgrade was evaluated in lieu of the stabilized layer. The
subgrade was a course-grained A-2-4 material for all sections with the exception of
NC 1-5 which was an A-4 material. The degree of drainage exhibited by this
section relative to the others is much lower due to the lower permeability of the
A-4 material (0.11 ft/day [0.03 m/day)) relative to the A-2-4 material (0.500 ft/ day
[0.15 m/day]) and A-2-6 material (0.33 ft/day [0.10 m/ day)).

Figure 43 shows the relationship between percent saturation of the base or
subbase material and the base or subbase modulus for the sections with a granular
base course. As can be seen in the figure, when the base course is saturated, the
strength of the material is greatly reduced. The reduction in strength is calculated
using the relationships presented in table 21.
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ROCKY MOUNT, NORTH CAROLINA
% DRAINAGE VS. TIME
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Figure 42. Percent drainage versus time for NC 1-1, NC 1-2, and NC 1-7.
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ROCKY MOUNT, NORTH CAROLINA
% SATURATION VS. BASE MODULUS
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Figure 43. Percent saturation versus base modulus for
NC 1-1, NC 1-7, and NC 1-8.
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Table 31 shows the time required for the pavement to reach the 85 percent
saturation level. Based on the time required to reach an 85 percent degree of
saturation, all of the Rocky Mount sections appeared to exhibit satisfactory
drainage.

Table 31. Time required to reach an 85 percent saturation level for NC 1 sections.

Section ID Time, hours
NC 1-1 0.14
NC 1-2 0.61
NC 1-3 0.98
NC 14 v 0.19
NC 1-5 2.84
NC 1-6 0.65
NC 1-7 0.13
NC 1-8 0.13

The relationship between the degree of saturation of the subgrade and the
modulus of the subgrade for the sections with granular base course material
illustrated in figure 44. As the subgrade soil becomes more saturated, the
modulus of the subgrade decreases. In this case, the subgrade soil is coarse-
grained (A-2-4 or A-2-6). However, using the model, the soil was modeled as an
A-4 soil.

The probability of wet (weakened) base course is calculated as 0.002 for all
of the sections with granular base materials. The probability of a wet subbase is
very small for all sections. The average base course modulus in the wet and the
dry states for all of the sections is 209.3 (1443 MPA).

Conclusion and Recommendations

The Liu-Lytton drainage model provides useful information in the analysis
of a pavements drainage capabilities as well as the effects of moisture on the
strength of the pavement system. The model uses area-specific climatic data,
surface infiltration potential, and material properties to determine the dry and wet
strengths of the pavement layers. The overall drainage capacity of the pavement
system is also determined through the analysis of the time required to drain the
layers to a critical degree of saturation.

This program may prove very useful in the design process. The design of

pavement drainage is critical to pavement design and performance. Since site-
specific climatic data is used, the designer can determine the potential for moisture
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ROCKY MOUNT, NORTH CAROLINA
% SATURATION VS. SUBGRADE MODULUS
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Figure 44. Percent saturation versus subgrade modulus for
NC 1-1, NC 1-7, and NC 1-8.
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problems within the locality of construction. The effect of changing the density
and, therefore, the permeability of granular materials can be determined during the
design procéss. The most probable strength of the materials within the paving
system can be determined and used as inputs into a structural analysis program or
a design procedure. This can greatly aid the design engineer to more accurately
characterize the materials properties.

Several problems were encountered in the execution of the program. These
problems are outlined below:

The program will not accept impermeable base course layers. An
option to chose a cement or lime stabilized layer exists, however, the
permeability must be greater than or equal to 0.0001 ft/day (0.00003
m/day).

The program only accepts a single base course layer beneath the slab.
Very often, concrete pavements are constructed with a base layer and
a subbase layer. These layers typically have different drainage
properties. The program provides no provision for this condition.

The material strengths are fixed based on testing for the types of
materials which are allowable within the program. For example, a
crushed limestone material is assumed to have a modulus of 209.3 ksi
(1443 MPa) and a gravel material is assumed to have a modulus of
64.4 ksi (444 MPa). The user cannot input specific values for
construction materials that will be used in a particular design. The
default values are useful in some cases, although the option should
be given to specify materials properties based on testing of the
materials to be used in design.

Only fine-grained (A-4 through A-7-6) subgrade materials are capable
of being analyzed. The development of models to include coarse-
grained soils should be developed and incorporated into the program.

Only select input variables are echoed in the output file. It is
valuable to the user to have a listing of the input variables used to
calculate the program results. This prevents shuffling between a

- fixed-format input file and the output file.

_ The format limits the number of consecutive dry-days to less than or

equal to 99. For Tracy, California, there were more than 140

~ consecutive dry-days in 1987; the program should be expanded to

consider more consecutive dry-days.
The sign convention for the transverse slope is not defined within the

program documentation, user’s guide, or input processor. This
should be clarified.
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5. ANALYSIS OF JSLAB AND ILLISLAB
Introduction

A comparative evaluation of JSLAB and ILLISLAB was performed on the MI
1 sections located on U.S. 10 near Clare, Michigan. The relative technical merits
and the ease of use of each program were evaluated to determine the program
which allows the most flexibility for the in-depth analyses.

The capabilities and limitations of the two programs are provided in detail
in volume VI, "Synthesis of Concrete Pavement Design Methods and Analysis Models."
In general, the two programs have similar features, with four very important
differences:

1. ILLISLAB has the capability of modeling the subgrade with several different
subgrade formulations. Although the Winkler foundation (dense liquid
formulation) was used throughout this project and is the subgrade model
used by JSLAB, it is believed that the response of the subgrade to repeated
wheel loadings may be more accurately modeled using one of the other
subgrade formulations. The program allows the user to choose between the
Winkler formulation, elastic solid formulation, a stress dependent support
model, the Vlasov formulation, and a spring constant model. These
formulations may be used to more accurately model the pavement response
to wheel loading. These subgrade models are explained in much greater
detail in reference 16.

2. In the determination of thermal gradient stresses, the JSLAB program
requires the user to perform two separate executions of the program and
manually subtract the results to determine the thermal stresses. The user
must also manually establish the loss of support conditions caused by the
thermal stresses and modify the support conditions in subsequent
executions. The program documentation states that three to four iterations
are typically required to establish the appropriate support conditions.®®

- Therefore, in order to obtain one thermal stress the user must execute the
program four to five times. This need to perform repetitive numerical
operations is both time-consuming and an invitation to human error. On
the other hand, the ILLISLAB program provides an iterative computation
routine to model thermal gradient stresses within the program, both
relieving the user of the tedious task of performing manual iterations and
reducing the chance of human error. Also, since the ILLISLAB program
requires the user to input the tolerance required for the loss of support
conditions, no technical judgment concerning the convergence of a solution
is required on the part of the user. The user simply inputs the number of
iterations and, if the tolerances are not met, a message is given in the
output file to increase the number of iterations.
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3. The JSLAB model does not calculate subgrade stresses. Examination of the
subgrade stress under a given load provides an indication of the stress
levels that the subgrade will experience. The subgrade stress could be
examined to study the repeated load behavior of the subgrade soil. This
sort of analysis gives an indication of the stress sensitivity of the soil and
thus the ability of the soil to withstand the expected loadings.

4. The JSLAB program does allow the user to model the dowel geometry as
square or round. Although this feature was not used under this study, it
may be useful to examine the effectiveness of different dowel bar
geometries. The ILLISLAB program only allows the use of round dowel
bars.

Several misconceptions that exist for both of these programs include:

o ILLISLAB has had the capability of modeling nonuniformly spaced
dowels since the 1985 version of the program. JSLAB also has this
capability. This option was not required under this study; however,
it would be a useful tool in the examination of nonuniformly spaced
dowels. Both programs also have the capability of modeling hollow
dowel bars.

. JSLAB purports to be able to calculate moisture stresses. Actually,
guidelines are given for the transformation of moisture gradients to
equivalent thermal gradients. These transformation guidelines are
pertinent for application of the moisture gradient under any
circumstances.

Analysis of Results

The Clare, Michigan (MI 1) sections were chosen for the analysis of the two
finite element programs. Each of the programs were run for the eight sections to
determine the stresses and deflections for edge and corner loading conditions (no
thermal curling). The programs were also executed to examine the independent
effect of a temperature gradient through the slab. The results of these analyses
are presented in tables 32 through 36. For a given section, exactly the same finite
element mesh and load (or thermal gradient) was used for the execution of the
programs. As an example of a typical mesh, the finite element mesh developed
for the edge loading condition for MI 1-4a is shown in figure 45.

The maximum stresses and deflections were determined beneath a 14.4-kip
(64 kN) dual wheel load having a tire pressure of 120 psi (83 kPa). The thermal
gradients used for the analysis were determined for the environmental conditions
at Clare through use of the CMS computer program. All of the required design
inputs (e.g., thickness, slab length, dowel spacing and diameter, and others) used
in this analysis are found in the summary tables in volume IV. The

132



Table 32. Summary of maximum surface deflection as calculated by
ILLISLAB and JSLAB for a 14.4 kip (64 kN) dual wheel load with a
tire pressure of 120 psi (83 kPa) placed at the slab’s edge.

Deflection, mils

Section ID ILLISLAB JSLAB
Ml 1-1a 24.0 25.6
MI 1-1b 254 28.2
MI 1-4a 17.3 22.0
MI 1-7a 243 30.1
MI 1-7b 25.7 31.6
MI 1-10a 20.8 23.1
MI 1-10b 19.0 22.0

Note: Effect of thermal gradient not included.

Table 33. Summary of maximum tensile stress as calculated by
ILLISLAB and JSLAB for a 14.4 kip (64 kN) dual wheel load with a
tire pressure of 120 psi (83 kPa) placed at the slab’s edge.

Maximum Tensile Stress, psi

Section ID ILLISLAB JSLAB
MI 1-1a - 431 397
MI 1-1b 440 412
MI 1-4a 372 381
MI 1-7a 434 404
MI 1-7b 429 408
MI 1-10a 432 393
MI 1-10b 411 373

Note: Effect of thermal gradient not included.
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Table 34. Summary of maximum surface deflection as calculated by
ILLISLAB and JSLAB for a 14.4 kip (64 kN) dual wheel load with a
tire pressure of 120 psi (83 kPa) placed at the slab’s corner.

ILLISLAB JSLAB
Section O Under O Across d Load O Under O Across O Load
ID Load, mils Joint, mils Transfer, % Load, mils Joint, mils Transfer, %
MI 1-1a 289 289 100 358 35.8 100
MI 1-1b 31.7 228 73 373 27.2 71
MI 14a 377 8.6 23 415 75 18
MI 1-7a 305 305 100 339 33.9 100
MI 1-7b 325 325 100 394 394 100
MI 1-10a 335 13.0 39 38.6 144 37
MI 1-10b 317 12.7 40 363 15.2 42

Note: Effect of thermal gradient not included.

Table 35. Summary of maximum tensile stress as calculated by
ILLISLAB and JSLAB for a 14.4 kip (64 kN) dual wheel load with a
tire pressure of 120 psi (83 kPa) placed at the slab’s corner.

ILLISLAB JSLAB
Section G Under O Across O Load G Under O Across O Load
ID Load, psi Joint, psi Transfer, % Load, psi Joint, psi Transfer, %
MI 1-1a 104.7 104.7 100 99.9 99.9 100
MI 1-1b 157.5 52.0 33 149.8 528 35
MI 1-4a 206.0 124 6 203.7 143 7
MI 1-7a 108.0 108.0 100 100.9 100.9 100
MI 1-7b 106.0 106.0 100 98.3 98.3 100
MI 1-10a 160.2 33.9 17 154.9 26.3 17
Ml 1-10b 167.8 319 19 164.9 29.7 18

Note: Effect of thermal gradient not included.
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Table 36. Summary of maximum thermal stress as calculated
~ by ILLISLAB and JSLAB.

MAXIMUM THERMAL STRESS, psi

Positive Gradient (+3.0 °F/in [1.67 °C/mm]) Negative Gradient (-1.0 °F/in [-0.56 °C/mm))
Section ID ILLISLAB JSLAB ILLISLAB JSLAB
MI 1-1a 479 856 -173 -285
MI 1-1b 509 _ 814 -182 -271
MI 1-4a 165 188 -114 - -60.9
MI 1-7a 146 167 -107 -58.8
MI 1-7b 143 165 -103 -48.2
MI 1-10a 162 179 -116 -59.7
MI 1-10b 166 186 -111 -58.9

Note: MI 1-1 sections have long 71-ft slabs which are actually
designed to crack. The actual thermal stresses will not
be as high as indicated because of thermal cracks
occurring in the pavement.

Sign Convention: (+) tension
(-) compression

135



suoT1Tpuod Surpeof 23p2@ dY3j A0J Yssul JUSWITS IITUEF oTduexy ‘g 9an31d

144!

0el

11

201

136

nN- [P IO IO Sy URUY PRSY PRRES P N S NN [ DU PO DOV DR R pRUS DUSY DRWY BRRR BARRS EERS Y [UUVIDN [
sy —f—}-1- —
3 1 | I g O e O O D O A o 0 S et AR O IO DS
X mm“ T ) o iy 1 0t i D I
> ® o o © ~ © <naoortronoodS8-tod © 3G 3 8 Q
o - O 8 3T T B ©OCRMOOOHDOPD At St ™ v -

IopInoys

186



modulus of the surface (E,) and the static modulus of subgrade reaction (k,,,)*
were used to model the strength and support conditions of the pavement system.
The slab lengths for sections which were constructed with random joint spacings
were modeled using the average of the random joint spacing.

Analysis of the Edge Loading Condition

Since all of the MI 1 sections have full-depth asphalt concrete (AC)
shoulders, the edge loading condition was modeled as a free edge. As expected,
the point of maximum tensile stress and surface deflection was directly beneath
the load at the outermost edge of the slab. The deflections as calculated by both
ILLISLAB and JSLAB are shown in table 32. The deflections calculated by JSLAB
are substantially higher than those calculated by ILLISLAB, over 20 percent higher
in some cases. For the simple case of the single slab, edge loading condition, the
two programs should produce identical deflections. The only explanation of this
difference in deflections is the stiffness matrix defined within the finite element
programs. JSLAB was based on a very early version of ILLISLAB, one in which
the stiffness matrix was in error."” The matrix was corrected in subsequent
ILLISLAB versions in the early 1980’s. It appears that the stiffness matrix in
JSLAB is different than the stiffness matrix in ILLISLAB. ILLISLAB’s stiffness
matrix has been documented and shown to be correct by Ioannides.®®

The edge stresses as calculated by ILLISLAB and JSLAB are shown in table
33. The stresses as calculated by the two programs differ by less than 10 percent.
The difference in stresses can also be attributed to the error in JSLAB's stiffness
matrix. The difference in stresses is less pronounced than the difference in
deflections since the deflection calculation is directly resultant from the stiffness
matrix, whereas the stresses are calculated through a series of calculations in
which the effect of the error may be distorted through floating point calculations.

Analysis of the Corner Loading Condition

The results from each of the programs for the comer loading condition are
shown in tables 34 and 35. In modeling the corner condition, the effect of load
transfer was considered. In modeling the load transfer efficiency within the finite
element models, every effort was made to match the deflection (8) load transfer
efficiency, as calculated from the Falling' Weight Deflectometer (FWD) deflections,

? An estimate of the static k-value (k) can be obtained by multiplying the
backcalculated k-value by 0.5.
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within 5 percent® The effect of voids beneath the slab were not considered for
this analysis, however, their effects are considered in section 5 of this chapter.

Again, the errors in the JSLAB stiffness matrix yield deflections which are
significantly higher than those calculated using ILLISLAB. The deflections on
either side of the joint (both approach and leave sides of the joint) as calculated
by JSLAB are 10 to 20 percent higher than those calculated by ILLISLAB.
However, the modeling of load transfer efficiency was not affected by the
difference in deflections between ILLISLAB and JSLAB. This is probably due to
the fact that JSLAB consistently calculates higher deflections on both sides of the
joint so the resulting load transfer efficiency, which is a ratio of the unloaded
deflection to the loaded deflection, is relatively unaffected. ~

The corner stresses as calculated by ILLISLAB and JSLAB different by
approximately 10 percent. This is again due to JSLAB's stiffness matrix error. As
with the case of the & load transfer, the stress (o) load transfer is unaffected by
the error in the stiffness matrix.* Again, this is probably due to the calculated ¢
load transfer being a ratio which evidently cancels out.

Analysis of a Temperature Gradient Through the Slab

The stresses due to a temperature gradient through the slab as calculated by
the two programs are shown in table 36. The programs were executed for the
case of a single, unconstrained slab without a wheel load. The thermal stresses as
calculated by JSLAB are higher for the case of a positive thermal gradient and
lower for the case of a negative thermal gradient. One explanation for this is that®
the JSLAB program ignores the effect of Poisson’s ratio (u). This can account for
10 to 15 percent of the difference in the stresses. As previously mentioned, the
JSLAB program requires the user to execute the program a number of times and
manually manipulate the data to determine the thermal gradient stresses.

Conclusions

The ILLISLAB program has been chosen for the remainder of the case - a4
studies for the following reasons: SEE

1. The stiffness matrix in the ILLISLAB program has been shown to be = i+~
correct."® The JSLAB stiffness matrix appears to be in error because the

3 Defleétion load transfer efficiency is defined as the § of the‘,unloade'db.‘s’l;éb»::
(across the joint) divided by the & of the loaded slab, multiplied by 100.

* The stress load transfer efficiency is defined as the ¢ developing in the . .c:
unloaded slab divided by the ¢ developing in the loaded slab and multiplied by
100. The o load transfer efficiency is only equal to the 3 load transfer efficiency;,
at 0 percent and 100 percent load transfer efficiencies.

138



deflections are 10 to 20 percent higher than those calculated by ILLISLAB
for identical inputs. In fact, JSLAB is based on an earlier version of
ILLISLAB-which was later shown to contain an error in the stiffness matrix.

2. In modeling the effect of a temperature thermal gradient through a slab, the

‘ ILLISLAB program correctly accounts for the effect of the concrete Poisson’s
ratio. The JSLAB program ignores the effect of Poisson’s ratio altogether,
which can account for a 10 to 15 percent difference in the stresses
calculations between the two models. Also, in order to determine the
thermal stress as calculated by JSLAB, the user must perform a number of
executions of the program and manually manipulate the data. This
approach is time-consuming and lends itself to human error.

ILLISLAB calculates the subgrade stresses, whereas JSLAB does not.
4. Like JSLAB, ILLISLAB has the ability to model nonuniform dowel spacings.

5. ILLISLAB allows the engineer to choose from a variety of subgrade
' formulations. "This allows the engineer to select the most accurate subgrade
formulation for the specific application.

6. The guidelines presented in the documentation on the JSLAB program
. concerning the development of moisture stresses are directly applicable to
the ILLISLAB program.

6. EVALUATION OF THE ILLISLAB PROGRAM
Introduction

' The performance of portland cement concrete is dependant on the stress
induced in the material through repeated loading of various magnitudes. The
accurate determination of the stress induced in a concrete pavement is critical in
the determination of the number of repeated loadings possible before the slab
begins to fail in fatigue. Nearly all design procedures are based on this concept.
The procedures hinge on the accurate determination of the stresses which develop
in slab. The ILLISLAB program is capable of determining the stresses induced by
both axle loadings and temperature differences through the slab.

The ILLISLAB program is a finite element structural analysis program for
the analysis of rigid pavements. Using design and material properties information,
the stresses, deflections, and moments are calculated for the given slab
configuration. The program is capable of modeling many design and analysis
features, including, among others, various subgrade formulations, load transfer
configurations, bonding conditions between layers, and axle load configurations.
The program can examine any number of slabs in any arrangement and is also
capable of calculating stress due to a temperature difference between the top and
bottom of the slab. :
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Brief Technical Description

The ILLISLAB program is a finite element program which is based on
medium-thick plate theory. It employs the four-noded, 12-degree of freedom plate
bending (ACM or RPB 12) element.”*"® The mechanics of the finite element
method is quite complicated and will not be discussed in detail herein, however,
reference 39 presents the method in detail.

The ILLISLAB program was first developed in 1977 and has been under
continuous revision, verification, and expansion at the University of Illinois.
Through several research studies the program’s accuracy and ease of application
has been improved. Revisions have also been made to facilitate meaningful
interpretation of its results and to incorporate new foundation models.

A shott description of the basic assumptions regarding the concrete slab,
stabilized base course, subgrade type, overlay, dowel bars, and aggregate interlock
follows:

1. Small deformation theory of an elastic, homogeneous medium thick
plate is employed for the concrete slab, stabilized base, and overlay.
Such a plate is thick enough to carry a transverse load by flexure, yet
it is not so thick that transverse shear forces become important.

2. The weight of the slab is neglected in the load stress calculations;
- however, it is considered in the calculation of temperature-induced
stresses.

3. In the case of a bonded base or overlay, full strain compatibility
exists at the interface. For the case of an unbonded base or overlay,
shear stresses at the interface are neglected.

4. Dowel bars at joints are linearly elastic and are located at the neutral
axis of the slab.

5. When aggregate interlock is specified for load transfer, load is
transferred form one slab to another through shear. However, with
dowel bars, some moment as well as shear is transferred across the
joints. The aggregate interlock factor can range from 0.0 to more than 1
* 10® for associated deflection load transfer efficiencies of 0 percent to
100 percent. This relationship is nonlinear and quite complex.

6. Several foundation support models have been incorporated into the

' ILLISLAB program, including the traditional Winkler foundation,
elastic solid foundation, a spring model foundation, a "resilient"
foundation model, and the Vlasov two-parameter foundation.
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7. Loss of support beneath the slab may be modeled through the
reduction of the support values at user specified areas.

Analysis ‘of Results

The ILLISLAB program was executed for each pavement section evaluated
in Minnesota, California, Michigan, and North Carolina to analyze the stress at the
lane-shoulder joint midpoint between the transverse joints. The corner condition
was also analyzed for several sections within each State. In this analysis the
deflection load transfer efficiency, which was determined through the FWD testing,
was modeled through the use of the aggregate interlock factor and dowel and
tiebar configuration. An analysis was performed on MI 1-10a to model a specific
corner which exhibited loss of support. The stresses induced by a thermal
gradient were analyzed for the Rothsay, Minnesota (MN 1), Tracy, California (CA
1), Clare, Michigan (MI 1), and Rocky Mount, North Carolina (NC 1) sections.

The design information required to execute the program (slab thickness, joint
spacing, PCC modulus of elasticity, k-value on top of the base, and others) are
illustrated for each section in the summary tables in volume IV. Sections with
random joint spacing were modeled using the average joint spacing.

Analysis of the Edge Loading Condition

In the analysis of the edge loading condition, the slab was loaded at the
midpoint between the joints with a 14.4 kip (64 kN) dual wheel load and a tire
pressure of 120 psi (83 kPa). A typical finite element mesh employing this load
configuration is shown in figure 45. Sections with tied PCC shoulders were
modeled using each sections individual tiebar configuration. The deflection load
transfer efficiency, which was calculated from the results of the FWD testing, was
matched in the ILLISLAB analysis through the use of the aggregate interlock
factor. The sections with asphalt concrete shoulders were modeled as a free edge.

The result of the edge loading analysis are shown in table 37. As expected,
the point of maximum tensile stress, subgrade stress and surface deflection was
directly beneath the load at the outermost edge of the slab. The overall trends
observed in the data are outlined below: :

1. Sections with tied concrete shoulders and high and medium levels of
deflection load transfer exhibited lower deflections, edge stresses, and
subgrade stresses. The sections at Albert Lea, Minnesota (MN 2) are
an .excellent example of this trend. An average stress of 489 psi (3.4
MPa) was calculated for the 9-in (229 mm) thick sections with the
asphalt shoulders, whereas the stress calculated for a 9-in (229 mm)
thick section with tied concrete shoulders (100 percent deflection load
transfer) was only 244 psi (1.7 MPa). This general trend can be seen
throughout the data. For example, the California and Michigan
sections with asphalt shoulders have much higher stresses and
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Table 37. Summary of maximum surface deflection, maximum edge stress, and
maximum subgrade stress as calculated by ILLISLAB for a 14.4 kip (64 kN) dual -
wheel load with a tire pressure of 120 psi (83 kPa) placed at the slab’s edge.

Maximum Surface Maximum Edge Maximum Subgrade

Section ID Deflection, mils Stress, psi Stress, psi
MINNESOTA

MN 11 13.0 235.6 248
MN 1-2 27.1 489.6 233
MN 1-3 15.0 283.2 3.26
MN 14 29.0 563.9 3.22
MN 15 o221 568.3 3.36
MN 16 . 20.8 557.8 3.27
MN 1.7 19.9 464.3 3.85
MN 1-8 13.8 419.1 391
MN 19 10.8 224.6 3.14
MN 1-10 21.8 450.3 3.1
MN 1-11 12.7 2823 3.10
MN 1-12 26.0 562.2 3.11

MN 5 29.2 486.6 237
MN 2-1 19.9 244.1 2.54
MN 2-2 21.7 2934 2.75
MN 2-3 284 496.6 4.53
MN 24 325 480.9 4.54

MN 3 7.87 239.7 1.01

MN 4 121 310.7 1.35

MN 6 11.0 281.3 1.09

CALIFORNIA

CA 141 419 397.6 4.86
CA 13 24.3 435.7 424
CA 15 17.0 263.5 2.84
CA 17 20.5 467.1 444
CA 19 246 491.5 3.67
CA 22 9.77 395.3 6.95
CA 23 155 330.6 443
CA 31 17.3 313.5 248
CA 32 . 13.7 219.5 213
CA 35 14.2 334.6 2.82

CA 6 24.6 438.9 3.61

CA7 19.5 352.7 3.17

CA 8 7.34 1835 1.24
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Table 37. Summary of maximum surface deflection, maximum edge stress, and
maximum subgrade stress as calculated by ILLISLAB for a 14.4 kip (64 kN) dual
wheel load with a tire pressure of 120 psi (83 kPa) placed
at the slab’s edge (continued).

Maximum Surface Maximum Edge Maximum Subgrade

Section ID Deflection, mils Stress, psi Stress, psi
MICHIGAN
MI 1-1a 24.0 4314 4.23
MI 1-1b 254 440.5 3.81
MI 1-4a 17.3 371.8 4.05
Ml 1-7a 243 4343 3.55
MI 1-7b - 25.7 429.0 3.46
MI 1-10a 20.8 : 432.2 454
MI 1-10b 19.0 411.0 477
MI 3 14.2 190.0 2.64
MI 4-1 16.9 375.6 2.40
MI 4-2 371 456.3 3.50
MI 5 . 152 290.0 1.78

NORTH CAROLINA

NC 1-1 16.0 360.5 4.54
NC 1-2 20.1 385.7 3.49
NC 1-3 20.0 381.0 - 493
NC 14 18.4 385.1 5.26
NC 1-5 154 394.1 4.84
NC 1-6 14.3 355.9 4.82
NC 1-7 43.0 375.7 3.77
NC 1-8 19.8 396.7 5.07
NC 2 11.3 262.0 1.66

Note: Effect of thermal gradient not included.
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deflections relative to the Minnesota sections with tied PCC shoulders.
This trend is expected since the tied concrete shoulders (with some
degree of load transfer) provide additional support to the mainline
pavement slab.

Sections with widened lanes result in lower stresses and deflection.
There are 4 sections with widened lanes, MN 3, MN 4, MN 6 and
CA 8. These section exhibited lower stresses (approximated 50
percent less) due to the location of the load relative to the edge of
the slab. These results may be confounded by slab thickness. The
widened lane sections were built 9 in (229 mm), 7.5 in (191 mm), 8 in
(203 mm), and 10.2 in (259 mm) thick, respectively.

Slab thickness has a large effect on the calculated stresses and

-deflections. The sections at Tracy, California (CA 1) illustrate this

trend. Section CA 1-5 was constructed 11.4 in (290 mm) thick and
the other sections at Tracy were constructed 8.4 in (213 mm) thick.
Substantially lower stresses and deflection were calculated for CA 1-
5. The overall trend can also be seen in the examination of the 10 in
(254 mm) slabs constructed in Michigan (MI 3 and MI 5) relative to
the 9 in (229 mm) slabs. Lower stresses and deflections are
calculated for the sections which were constructed thicker. This is
also expected, since the additional thickness of slab provides increased
resistance to deflection and stress.

The effects of materials strength is difficult to determine due to the
number of confounding variables (thickness, load transfer, slab length,
and others).

The effect of joint spacing is indeterminable with the edge loading
condition.

Analysis of the Corner Loading Condition

The MN 1, CA 1, MI 1, and NC 1 sections were analyzed for the corner
loading condition. A 14.4-kip (64 kN) dual wheel with a tire pressure of 120 psi
(83 kPa) was placed at the corner of the slab adjacent to the approach joint. The
deflection load transfer calculated from FWD testing was matched to within 5
percent in the analysis of the corner loading condition. The results of the analysis
are shown in table 38. Several interesting trends can be observed from the data.

1.

A nonlinear relationship exists between the transfer of deflection and

the transfer of stress. The deflection load transfer efficiency is much
higher than the stress load transfer efficiency. The only time when
deflection load transfer is equal to stress load transfer is at 0 and 100
percent. This trend is observed throughout all of the data.
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Table 38. Summary of deflection and stress load transfer efficiencies
as calculated by ILLISLAB for a 14.4 kip (64 kN) dual wheel load
with a tire pressure of 120 psi (83 kPa) placed at the slab corner.

Section Under O Across 0 Load O Under O Aaoss O Load
ID Load, mils Joint, mils Transfer, % Load, psi Joint, psi Transfer, %
MINNESOTA
MN 1-1 60.2 14.1 23 168.9 134 8
MN 1-2 40.3 31.1 77 300.0 1153 38
MN 1-3 54.2 26.8 49 2125 44.8 21
MN 14 40.6 298 73 390.3 165.3 42
MN 1-5 38.1 20.0 53 213.9 44.6 21
MN 1-6 29.9 214 71 367.8 117.6 32
MN 1-7 3990 164 42 166.0 30.0 18
MN 1-8 28.8 238 83 242.6 109.2 45
MN 1-9 40.6 16.9 42 163.0 308 19
MN 1-10 314 228 73 292.0 102.8 35
MN 1-11 423 24.7 59 2153 55.3 26
MN 1-12 37.2 273 73 389.7 131.1 34
MN 5 43.2 339 78 286.0 114.1 40
CALIFORNIA
CA 11 385 335 87 2129 96.2 46
CA 13 323 275 85 210.9 933 44
CA 15 218 19.2 88 119.0 55.1 46
CA 1-7 25.8 21.9 85 209.0 943 45
CA 19 30.5 264 86 214.7 96.6 45
MICHIGAN
MI 1-1a 289 289 100 104.7 104.7 100
MI 1-1b 31.7 228 73 157.5 520 33
MI 1-4a 37.7 8.6 23 206.0 124 6
MI 1-7a 30.5 30.5 100 108.0 108.0 100
MI 1-7b 32.5 325 100 108.0 108.0 100
MI 1-10a 335 13.0 39 106.0 106.0 100
MI 1-10b 317 12.7 40 160.2 33.9 17

NORTH CAROLINA

NC 1-1 304 148 49 196.9 33.5 17
NC 1-2 30.0 30.1 100 103.5 1014 98
NC 1-3 273 27.3 100 102.3 102.3 100
NC 14 258 16.5 64 282.7 83.2 29
NC 1-5 20.2° 16.8 83 198.8 815 41
NC 1-6 240 13.6 57 189.1 39.7 21
NC 1-7 32,6 252 77 226.6 93.6 41
NC 1-8 43.3 6.89 16 197.6 8.56 4

Note: Effect of thermal gradient not included.

145



2. A reduction in stress and deflection is observed for sections with
higher load transfer efficiency.

3. The corner stresses are lower than the edge stresses for the same
pavement sections, even if the load transfer efficiency is low. For
example, NC 1-8 has a free edge stress of 396.7 psi.(2.7 MPa),
whereas the corner stress is 197.6 psi (1.4 MPa). This is with a stress
load transfer of only 4 percent and both the edge and the corner are
fully supported.

4. The deflection is higher at the corner than at the edge for the same
pavement sections. The corner loading condition is critical for
deflection. For example, the deflection at the free edge for MI 1-4a is
17.3 mils (0.439 mm), whereas, the deflection at a corner with 23
_percent load transfer is 37.7 mils (0.958 mm).

5. Sections with deteriorated load transfer will experience higher
deflections and much higher levels of stress than sections with
satisfactory load transfer efficiency. If a section exhibits poor load
transfer, as the load passes from the approach slab to the leave slab,
the approach and leave slabs will experience higher stresses and
deflections. This can lead to pumping and loss of support beneath
the slab.

Analysis of Voids Beneath the Slab

Voids beneath the slab are typically the result of a loss of material beneath
the slab caused by pumping action and erosion at the joints. Loss of support is
detrimental to the slab because in the areas were a void exists, the slab is totally
unsupported. That is, the k-value is essentially reduced to 0 and the slab acts as a
cantilever. Under repeated loading, the unsupported slab experiences higher
stresses and rapid fatigue damage can occur.

The ILLISLAB program is capable of modeling voids of various sizes
beneath the slab. This is accomplished through reducing the k-value to 0 under
selected elements to represent a void.

An analysis was performed using the joint at STA 3+73 from MI 1-10a
which exhibited voids at the approach and leave corners. The analysis approach
and results are outlined below:

1. The deflection basin (represented by 3, through 8,) as measured by

the FWD for the 13,000 1b (58 kN) load for the approach joint is as
shown in table 39.
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Table 39. Measured deflection basin under a 13,000 1b (58 mPa) load at

STA 3+73 approach joint, MI 1-10a.

) 5, 5, 3, 5, B S

14.1 35 3.1 2.6 2.1 1.6 11.9

Figure 46 illustrates the configuration of the FWD load plate and the
sensor location. As illustrated in the figure, sensor number 6 is on
the opposite side of the load plate from the joint.

2. A finite element mesh was developed to calculate the deflections at
the sensor locations. The program was executed to determine the
deflections at the sensor locations with full support using the
backcalculated surface modulus value (6.23 * 10° psi [42,960 MPa))
and k-value (436 pci [118 kPa/mm)]) for the section. The measured
deflection load transfer efficiency was matched in the analysis through
adjustment of the aggregate interlock factor. The adjusted deflection
load transfer efficiency for the joint at STA 3+73 is 26.8 percent® The
fully-supported, calculated deflection basin, which is shown in table
40, is very different from the measured basin.

Table 40. Finite element analysis for the void analysis
performed for STA 3+73, MI 1-10a.
Approach Leave
Slab Void Slab Void Deflection Basin
Area, in’ Area, in? & S S 3 &, S O
0 0 1071 291 234 18 170 148 9.18
25 100 11.03 295 235 18 170 148 1045
100 240 1159 302 24 191 184 148 1131
100 480 © 1261 322 281 233 188 148 1151
240 900 1329 325 301 29 249 158 1256
360 720 1530 413 319 300 254 167 1266

* The deflection load transfer efficiency is adjusted using the center slab
deflections to correct for the effects of slab bending.
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3. The void area and location beneath the approach and leave sides of
the joint was modified, holding the load transfer constant at
approximately 27 percent until the calculated deflection basin matched
the measured deflection basin.® This required numerous executions of
the program. Table 40 illustrates a summary of a fraction of the
combination of void areas attempted.

4. The deflection basin which most accurately matches the measured
basin is one in which a 240 in® (154,838 mm? void was created at the
approach joint and a 600 in? (387,096 mm? void was created at the
leave joint. The measured and calculated deflection basin is shown in
figure 47. As figure 47 illustrates, the two basins closely match.

5. The determination of the measured deflection basin based on varying
the size of the void is an extremely time-consuming process. Nearly
50 combinations of void sizes and void locations were executed to
match the measured deflection basin. The final dimensions of the
void beneath the approach slab are 10 in (254 mm) along the
fransverse joint and 24 in (610 mm) along the longitudinal joint. The
dimensions of the void beneath the leave slab are 15 in (381 mm)
along the transverse joint and 60 in (1524 mm) along the longitudinal
joint.

This analysis shows that voids can be modeled beneath slabs using the
ILLISLAB program. The deflection basin as calculated by the program resembles
the measured deflection basin for the void sizes and locations stated above. Since
the determination of the voids is a time-consuming process, it was only performed
on a single joint. In order to draw conclusions regarding the accuracy of the
program or the void detection procedure, additional joints should be analyzed.

Analysis of a Temperature Gradient Through a Slab

A temperature gradient through a slab causes stresses to develop. A
positive thermal gradient, which indicates that the top of the slab is warmer than
the bottom, results in the development of a tensile stress at the bottom of the slab,
whereas a negative thermal gradient results in a compressive stress at the bottom
of the slab. During the times when the gradient is positive, typically during the
daytime, the total combined stress (combination of thermal stress and load-induced
stress) at the bottom of the slab edge is much greater than when the gradient is
negative.

6

Initially a 5 in by 5 in (127 mm by 127 mm) void was created at the
corner of the joint at the approach and leave slabs. As the void area was
increased, the support was removed along the lane-shoulder and transverse joints
until the measured basin was matched.
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Figure 47. Measured deflection basin and calculated deflection
basin from void analysis.
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The ILLISLAB program was executed to examine the thermal stresses which
develop in the slab. The gradients used in the analysis were calculated using the
CMS program and are illustrated in table 41. The results of the thermal stress
analysis for the MN 1, CA 1, MI 1, and NC 1 projects are presented in table 42.

Table 41. Maximum positive and minimum negative thermal gradient

calculated by the CMS program for MN 1, CA 1, MI 1, and NC 1.

Positive Negative
Location Gradient, °F/in Gradient, °F/in
Rothsay, MN 244 -0.54
Tracy, CA 2.10 -1.30
Clare, MI 2.96 -0.97
Rocky Mount, NC 3.30 -0.32

The results of this analysis are presented below:

1.

Sections with stiffer bases result in higher thermal stresses. The
Rothsay sections provide an example of this phenomenon. MN 1-6
exhibits a higher thermal stress than does MN 1-3. MN 1-6 is an 8
in (203 mm) JRCP over a stabilized base material having a k-value of
314 pci (85 kPa/mm). MN 1-3 is an 8 in (203 mm) JRCP over a
granular base having a k-value of 217 pci (59 kPa/mm). The
differences in thermal stresses are due to the differences in the
stiffness of the base materials. The stiffer the base material, the less
the base will conform to the curling of the slab under a temperature
gradient. Very soft bases allow the slab to curl and conform more to
the shape of the curling slab, thus resulting in less stress.

Larger positive thermal gradients result in higher thermal stresses.
The maximum thermal gradient at Tracy is lower than the maximum
thermal gradient at Rocky Mount as are the resulting stresses.
However, this factor is confounded by many of the design variables
within the study.

Positive thermal gradients result in tensile stresses at the bottom of
the slab along the longitudinal joint.

Negative thermal gradients result in compressive stresses at the

bottom of the slab along the longitudinal joint and a tensile stress (of
lower magnitude) at the corner of the slab.
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Table 42. Stresses developing due to thermal gradients through the slab.

Tensile Compressive
Stress Due to Stress Due to
Section ID Positive Gradient, psi Negative Gradient, psi
MN 1-1 433 120
MN 1-2 444 129
MN 1-3 415 102
MN 1-4 427 106
MN 1-5 518 140
MN 1-6 526 144
MN 1-7 483 142
MN 1-8 471 ' 135
MN 1-9 435 115
MN 1-10 437 116
MN 1-11 473 123
MN 1-12 463 119
CA 1-1 101 99.4
CA 1-3 190 153
CA 1-5 144 138
CA 1-7 213 177
CA 19 195 172
MI 1-1a 472 168
MI 1-1b 502 175
MI 1-4a 164 113
MI 1-7a 145 105
MI 1-7b 142 101
MI 1-10a 162 114
MI 1-10b 166 109
NC 1-1 460 47.8
NC 1-2 500 52.5
NC 1-3 399 - 411
NC 1-4 422 43.7
NC 1-5 537 56.8
NC 1-6 508 53.3
NC 1-7 437 44.2
NC 1-8 423 43.7
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5. Thicker slabs exhibit less thermal stress than thinner slabs. This can
be seen in the Tracy, CA sections. Less thermal stress develops in
the 11.4 in (290 mm) slab (CA 1-5), than in the 84 in (213 mm) slabs
(all with the same joint spacing). The weight of the slab acts to
prevent thermal curling.

6. Shorter jointed pavements exhibit less thermal stress than longer
jointed pavements. The Tracy, CA sections provide an example of
this phenomenon as well. CA 1-1, which was constructed with a
much shorter joint spacing than the other sections, exhibits much less
thermal stress than the other sections.

Conclusions and Recommendations

The ILLISLAB program is a comprehensive finite element program which
was specifically developed to analyze rigid pavement structures. The inputs
required for execution of the program are readily obtainable. However, the user
must carefully observe the recommendations on the development of the finite
element mesh as this can have a large impact on the accuracy of the program’s
outputs.

The calculation of stresses due to thermal gradients is an important addition
to the ILLISLAB program. The determination of the thermal stress is based on an
internal iterative routine which eliminates the need for the user to manually
determine the stress through successive executions of the program. Thermal
stresses, which can have a large impact on the performance of rigid pavements,
have largely been ignored in the traditional pavement design process. Thermal
Stresses, in combination with traffic loading, act to increase the stresses developing
in the slab. Thermal stresses are responsible for the transveérse cracking that is
exhibited by long-jointed pavements on stiff bases.

This program is directly applicable to the design of rigid pavements. The
accurate calculation of the stresses which develop in rigid pavements under
loading (due to temperature or traffic) is critical for the determination of the life of
a given pavement cross section. Several design procedures have been developed
which rely on the calculation of stresses induced by given axle loads and
configurations. Relationships have been developed which relate the number of
repeated loadings at a given stress level (relative to the strength of the material) to
the life of a concrete pavement.

7. EVALUATION OF THE PMARP PROGRAM
Introduction
The PMARP program is a finite element program developed at Purdue

University which accounts for the effects of fatigue on the performance of rigid
pavements.”** The PMARP program is based on an early version of the
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ILLISLAB program.”® As stated previously, several errors have been found in the
stiffness matrix in that early version ILLISLAB program and, therefore, are
presumably repeated within the PMARP program. The program is introduced as
a "nonlinear finite element method in which the pavement components are assumed to
have stress or strain dependent behavior.”***"

Brief Technical Description

The basic concept leading to the development of PMARP was that the
structural integrity of a pavement system is continuously undergoing deterioration
at various rates. Ordinarily, the assumption in design has been that the structural
integrity of the pavement slabs before failure is constant and is defined by the
flexural stiffness of the PCC material at the beginning of its design life. Structural
deterioration is a response to the applied load repetitions and fatigue consumption.
Because of this deterioration, the structural characteristics of the pavement must be
periodically updated and new estimates of its remaining life obtained. This would
reflect the actual (as opposed to the anticipated) traffic that the system experiences
between construction and any given instant in time. The deterioration suffered by
the pavement may be quantified in terms of several items, including a reduction
in the stiffness of the concrete slab, the amount of cracking developed, the decay
in load transfer efficiency, as well as the damage caused by the onset of pumping
and the loss of support between the pavement layers and the foundation. The
PMARP method for calculating the response of a rigid pavement subjected to
fatigue damage was intended for both design as well as rehabilitation applications.
Accordingly, the desired solution is obtained through an iterative scheme, which
accommodates the stress- or strain-dependent behavior of each pavement system
component. The assumptions of the finite element portion of the program are the
same as those presented in section 6 on the ILLISLAB program.

In addition to the stiffness matrix }problem, several other technical problems
exist within the program and are outlined below:

1. The characterization of the subgrade in PMARP is one of the major
weaknesses of the program. The developers state that the Winkler
subgrade, which is considered in conventional finite element analysis
and consists of concentrated nodal spring elements whose stiffness is
proportional to the modulus of subgrade reaction (k-value), was
modified in PMARP by the incorporation of the resilient modulus of
subgrade reaction, Kg.*” In incorporating the K foundation in
PMARP, four of the five broad soil categories (very soft, soft,

- medium, hard, and very hard) were eliminated, retaining only the
"medium” subgrade option. The "medium" subgrade option is
extended to all soil types within the PMARP program. The
developers of the theoretically-derived "resilient response” concept
demonstrate that the response of the different soil types is very
different.*® Therefore, the extension of the medium subgrade option
to all soil types is questionable. Also, the derivation of this concept
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was based purely on a theoretical analysis and is intended for
‘research purposes only."* However, the PMARP program is
intended to be used for the design and rehabilitation of rigid
pavements.

Fatigue damage effects are accommodated in PMARP through the
adjustment of the slab modulus value, E. To accomplish this, a plot
of the applied stress to modulus of rupture ratio versus the logarithm
of the number of load applications to failure, N, was developed. In
addition, two more assumptions are made:

(@ The curve is used in a reverse application. Conventionally, and
in accordance to the experimental procedure employed in
developing such curves, an estimate of the number of load
repetitions before failure occurs is determined in a specimen
with a given initial strength. In PMARP, however, the curve is
used to determine the reduced modulus of rupture at any time,
based on the previous load history of the specimen. The use
of the fatigue curve in this mannér has not been validated
through research.

(b)  Statistical correlations between the modulus of rupture and
unconfined compressive strength of the concrete and between
unconfined compressive strength and the concrete elastic
modulus are used to determine an "updated” value of the
modulus of elasticity. For example, the compressive strength is
determined based on the modulus of rupture and, in turn,
using this compressive strength, the elastic modulus is
determined. This is used in subsequeni PMARP iterations,
presumably to reflect the influence of fatigue on the elastic
modulus. The use of the correlations in this manner may not
yield accurate estimates of the modulus of elasticity.

The approach employed in PMARP to account for deterioration of
load transfer efficiency as a function of the number of load repetitions
has not been validated theoretically or practically. The researchers
qualify that the method can only result in "a trend of behavior" rather
than a quantitative estimate of the effect of fatigue on load transfer
efficiency. The deterioration of load transfer is based on a reduction
of the dowel-concrete interaction (DCI) factor. A regression equation
for .a DCI reduction factor, RF, was obtained from data reported in
reference 41. A fundamental characteristic of regression equations is
that they lack general applicability. Thus, employing this expression
indiscriminately to cases beyond the range for which it was
developed can only lead to inaccurate, perhaps misleading,
conclusions.
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4. In developing the pumpiné model, a concept involving energy
principles was employed.“” The particular strengths and weaknesses
of this concept are still the subject of substantial research efforts. A
number of weaknesses in its implementation in PMARP can,
nevertheless, be identified. These include:

(@ The normalized pumping index, NPI, is determined using a
regression equation of limited applicability, and does not take
into account important subbase and subgrade properties, such
as gradation, permeability, and erodibility, among others.

() Determination of the void area hinges on an assumption
regarding the "average void depth,” which is estimated by the
user.

Analysis of Results

The PMARP program (PC version) was run for each of the MN 1, CA 1, MI
1, and NC 1 sections. The program was executed to examine the edge condition
at all sites and the corner condition at selected sites. The analysis of the corner
condition was used to evaluate the pumping potential of the design.

The mesh capabilities of the PMARP PC program are severely limiting. The
maximum mesh size allowed must satisfy the requirements of equation 33
presented below.

26*x*y? < 26,500 (33)
where:

x = number of node lines in the x-direction
y = number of node lines in the y-direction

Figure 48 shows an example finite element mesh used for the corner loading
condition for a 15 ft (4.6 m) slab. The mesh violates the general guidelines for the
development of a finite element mesh. Typically, the aspect ratio, which is
defined as the ratio of the length to width of a given element (or width to length
depending on the orientation of the mesh), should not exceed 8 anywhere on the
slab, except at the joint elements which are elements with length but no width.
Also, the aspect ratio should be less than 3 near loaded elements.

Obviously, the mesh illustrated in figure 48 does not abide by the general
guidelines for the development of finite element meshes. Aspect ratios as large as
19 occur. The violation of the aspect ratio principles was necessary in order to
stay within the memory requirements of the program. It is interesting to note that
the program allows the user to use as many as six slabs. With the memory
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limitations of the program, a mesh for a two slab system, much less a six slab
system, is qugésﬁonable.

Analysis of the Edge Loading Condition

Table 43 illustrates the results obtained from the PMARP program. In
addition to the stresses and deflections due to loading, a fatigue damage number,
a pumping index, damage area, and type of damage is determined.

The results of the stress and deflection analysis reveal the same trends regarding
the effects of slab thickness and tied shoulders as was observed with the
ILLISLAB program. A reduction in stress is observed for thicker slabs and
sections with tied concrete shoulders. However, the maximum stresses and
deflections do not always occur directly beneath the loaded elements. In fact, in
some cases the maximum stresses and deflections occur no where near the loaded
elements. Also, the point of maximum stress and deflection do not always occur
at the same node. The mesh fineness can account for some of the error involved
in the calculation of the results, but the maximum stress and deflection should
always occur directly beneath the load. The fact that the maximum stress and
deflection do not occur directly beneath the load indicates a serious problem with
the calculation routine.

The observations regarding the additional analyses performed by the
PMARP program are presented below:

1. The fatigue damage is calculated based on the ratio of the number of
allowable loads to failure and the number of loads that the pavement
has sustained. The fatigue damage number is calculated based on
Miner's damage. It is the summation of the number of actual applied
loads (18 kip [80 kN] ESAL’s) to the number of allowable loads
(based on the decay in the PCC material’s strength properties). As
the fatigue damage number approaches 1, cracking is expected to
occur.

Examination of the fatigue damage numbers reveal some interesting
trends. Several of the sections have a negative fatigue damage. The
pertinent equations within research documentation appear correct and
indicate that calculation of a negative fatigue damage number is not
possible. The method by which the program calculates the fatigue

.. damage is unclear.

The program indicates that all of the NC 1 sections, and many of the
MN 1, CA 1, and MI 1 sections should have failed due to decay in
the strength of the PCC modulus. The failure occurs at the
longitudinal edge of the slab. An examination of the summary tables
presented in volume IV shows that the majority of these sections are
performing quite well.
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Table 43. Summary of PMARP results for the edge loading condition
employing a 9-kip (40 kN) dual wheel load with a tire pressure of 80 psi (55 kPa).

Maximum Maximum
Section Surface Tensile Fatigue  Pumping Damage Type of

ID d, mils O, psi Damage Index Area, in®  Decay
MN 1-1 4.5 141 -8.3 0 42 E.
MN 1-2 11.1 285 -5.0 0 0 --
MN 1-3 5.5 183 -5.5 1.5 36 E,
MN 14 9.3 370 94 1.3 336 E,
MN 1-5 . 92 350 -0.54 0.10 42 E,
MN 1-6 8.3 351 -0.50 0.05 42 E.
MN 1-7 8.5 286 0 0 0 -
MN 1-8 84 284 -1.6 0 0 -
MN 1-9 4.6. 141 3.8 0.05 126 E,
MN 1-10 9.1 281 2.7 0.04 126 E.
MN 1-11 5.0 183 0.8 0.47 8 E,
MN 1-12 10.2 363 37 0.58 168 E,
CA 1-1 134 250 3.2 53 53 E,
CA 13 13.8 325 130 17 576 E,
CA15 92 189 -1.2 0.08 0 -
CA 1.7 12.7 343 111 9.9 468 E,
CA 19 12.3 346 91 8.5 360 E.
MI 1-1a 5.6 239 1.3 0.38 216 E,
MI 1-1b 103 241 0.75 0.27 216 E,
MI 1-4a 10.0 258 2.1 0.23 216 E,
MI 1-7a 9.9 245 0.03 0.15 0 -
MI 1-7b 10.1 243 -0.25 0.20 0 -
MI 1-10a 10.7 257 1.3 0.16 216 E.
MI 1-10b 10.7 238 23 043 216 E.
NC 1-1 11.2 232 176 2.3 630 E,
NC 1-2 10.6 237 145 13 630 E,
NC 1-3 12.0 225 267 4.1 1008 E,
NC 1-4 10.6 228 274 0 809 E.
NC 1-5 10.3 237 124 0.72 378 E,
NC 1-6 10.6 233 - 118 14 378 E,
NC 1-7 10.3 244 45 0.71 240 E.
NC 1-8 11.7 228 166 3.2 819 E

(2]
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2. The damaged area is the nodal area affected by the decay in the PCC
material. It is determined through a fatigue damage analysis for each -
individual node. The results indicate a large damaged area for many
of the sections. The nodes affected by the fatigue damage are
typically at the edge of the slab midway between the transverse
joints. As the affected area increases, the damaged area propagates
inward from the edge toward the middle of the slab and also toward
the transverse joints.

3. The pumping index is calculated as shown in chapter 3. It is an
indication of the pumping potential of the material. It is defined as
the volume of the material pumped out from under the slab, per unit
length of the pavement. The pumping index is more pertinent to the

. corner loading condition and will be discussed in that section.

" Analysis of the Corner Loading Condition

The PMARP program was executed for several sections within each of the
four large experimental projects in order to examine the pumping potential as well

as the decay in load transfer potential of the various designs. The results are
presented in table 44.

Table 44. Summary of PMARP results for the corner loading condition
employing a 9-kip (40 kN) dual wheel load with a tire pressure of 80 psi (55 kPa).

Maximum Maximum Deflection ‘
Section Surface Tensile Load Pumping Damage Type of

ID 8, mils G, psi Transfer, % Index Area, in? Decay
MN 1-1 12.6 134 100 8.2 0 -
MN 1-6 14.3 199 100 67.5 0 -
MN 1-11 11.6 138 100 5.2 0 -
CA 1-1 8.9 96 100 0 0 -
CA 1-7 8.6 110 100 0 0 -
MI 1-1a 13.6 112 100 2.7 0 -
MI 1-7a- 12.6 - 114 100 1.8 0 -
MI 1-10b 20.6 98 100 9.6 0 --
NC 1-2 13.7 95 100 12.0 0 -
NC 14 14.9 98 100 18.6 0 --
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As with the edge condition, the maximum deflection and stress did not
occur beneath the loaded element. The problem was even more frequent with the
corner loading condition than with the edge loading condition. Also, for the exact
same finite element mesh, the maximum stress and deflection do not occur at the
same node. For example, a finite element mesh for the corner loading condition
was developed for a 15 ft (4.6 m) slab and the same mesh was used for the
analysis of both of the CA 1 sections under study. The design parameters
(thickness, modulus of rupture, k-value, and others) were changed to reflect the
specific section (CA 1-1 or CA 1-7). For section CA 1-1, the maximum deflection
occurred at node 58 and the maximum stress occurred at node 114. For section
CA 1-7 (using the exact same mesh), the maximum deflection occurred at node 46
and the maximum stress occurred at node 19. The dual wheels were placed
between nodes 37, 38, 46, and 47 (outer edge of slab along the transverse joint)
and between nodes 39, 40, 48, and 49 (12 in [305 mm] from the outer edge along
the transverse joint). Figure 48 illustrates the mesh and the location of the loaded
area. Again, this indicates a serious problem with the calculation routine.

As with the ILLISLAB program, attempts were made for the sections with
tied PCC shoulders to match the load transfer across the transverse and
longitudinal joints as calculated from the FWD deflections. This could not be
accomplished using the PMARP program; no matter what aggregate interlock
factor or dowel configuration was used, the deflection load transfer efficiency was
always 100 percent.

Since the load transfer efficiency was always 100 percent, the results of the
pumping analysis are questionable. The program indicates that the Minnesota
designs and the North Carolina designs have the highest pumping potential given
their levels of traffic and climate. In actuality, a small amount of pumping was
observed for these sections, but significant faulting was observed for the
nondoweled sections.

The damaged area was 0 for all of the sections under analysis. The
measured load transfer efficiency for the MN 1-1, MN 1-6, MN 1-11, and MI 1-
10b is less than 50 percent. If the load transfer of these sections could be
modeled, it is expected that decay in load transfer would be calculated by the

program.

Conclusions and Recommendations

Several technical problems with the PMARP program were presented in this
section. Additional problems were encountered in the input processor and in the

execution of the program which were not discussed; these are presented below.

1. The PMINT input processor misassigns several variables. For
example, the reinforcement ratio in the x-direction is assigned to the
reinforcement ratio in the y-direction. The same is true for the dowel
bar diameter inputs.
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2. The largest aggregate interlock factor that the input processor allows
“the user to input 10 * 10% however, the input screen indicates values
of 10 * 10" are to be used for keyed joints. '

3. The input processor changes the users values for the plate deflection
versus resilient modulus inputs. The first two entries are accepted
while the third entry for both the deflection and modulus is changed
to 0.0.

In general, PMARP constitutes a compendium of individual concepts and
solutions suggested over the last several decades to address some of the most
difficult issues in rigid pavement analysis and design. While each one of these
concepts reflected the state-of-the-art at the time of publication, the individual
researchers involved in their development generally recognized their limitations, as
well as their limited scope of applicability and their predominantly qualitative
nature. The incorporation of the research in a continuous analysis program, such
as PMARP, tends to compound the individual weaknesses of the various research
approaches and may be expected to lead to incorrect conclusions.

8. EVALUATION OF THE ZERO-MAINTENANCE DESIGN PROCEDURE
Introduction

The Zero-Maintenance design procedure was developed in 1976 for use in
the structural design of jointed plain concrete pavements for heavily trafficked
highways.? The procedure was computerized at that time for use on a mainframe
computer and was entitled JCP-1 (Jointed Concrete Pavements - 1). This program
was converted for use on a microcomputer in 1986.*  The program consists of
two different design approaches: serviceability and fatigue cracking. The
serviceability prediction model was based on a very limited sample of data, and is
not under evaluation in this study. The fatigue cracking model is based upon
fundamental mechanistic-empirical concepts and uses a finite element model
described in reference 43.

Brief Technical Description

The JCP-1 model requires a number of inputs, including slab dimensions,
subgrade and base material data, PCC strength, traffic weight and volume data
based on the axle load distribution, thermal gradient data, and other design
information. Miner’s fatigue damage is computed over the specified design period
with the user provided inputs. The mechanistically-generated fatigue model was
calibrated with a limited amount of JPCP field performance data. A reasonable
correlation between transverse slab cracking and the fatigue damage number was
found.

The procedure was derived through the development of a large database of
mechanistically-calculated and field-measured values. A matrix for load and
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thermal curling stresses was obtained through the use of a finite element program
to assure that the factors and interactions of factors were determinable. The field-
measured cracking data were included in the database, as well. The database was
used to develop the fatigue damage model, eliminating the need for the user to
perform complicated finite element analyses.

The fatigue damage model is based upon the following concepts and
assumptions:

1. Through mechanistic analysis, the location of critical fatigue damage
was shown to be at the longitudinal edge of the slab midway
between the joints (for slab shorter than, say, 20 ft [6.1 m]).
Evaluation of field data showed that transverse cracks were found to
initiate at this point and progress toward the center of the slab,
supporting the mechanistic theory.

2. Determination of critical stresses in the slab was performed using a
finite element program. Truck axles were modeled and placed at
various positions on slab to determine the location of critical stress.
As Westergaard had shown earlier, the critical stress occurs midslab
at the outermost edge of the slab. In order to more realistically
model a field-observed phenomenon, a normal distribution of truck
loads was assumed so that only a proportion of the trucks are
loading the outer edge. Miner’s fatigue damage was shown to be
highest at the edge of the slab. )

3. The effects of thermal stresses is considered within the procedure.
Stresses were computed for both daytime and nighttime thermal
gradient conditions for each month of the year. The finite element
program realistically combined load and thermal gradient stresses to
produce a total stress at the slab edge. Nonlinear regression
equations were developed to model the effects of the combination
stresses.

4. Since the strength of the concrete increases over time, the fatigue
analysis is time-dependent. Field strength data was used to develop
a regression equation which models the concrete pavement’s gain in
strength over time.

5. The erosion of the subbase material is considered in the design
procedure in terms of the loss of support to the rigid slab.

6. Total fatigue damage' is computed by summing the Miner’s damage

over each month of the year, daytime and nighttime condition for
thermal gradient, and axle load distribution as shown below:
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k=p j=2 i=m

)Y PIEDY [ny / Nyd (34)
k=1 j=1 i=1
where:
i = counter for magnitude of single and tandem axle load
j =counter for day and night
k = counter for months over the design period

m = total number of single and tandem axle load groups
p = total number of months in the design period
ny = number of applied axle load applications of i"
magnitude over day or night for the k* month
= ADT_ *T*DD*LD*A*30*P*C*DN*TF*CON
ADT, = average daily traffic at the end of the month under
consideration
T = percent trucks
DD = directional distribution
LD = lane distribution
A = mean number of axles per truck
P = percent axles in the i® group
C = percent of total axles in the lane that are within 6 in of
the slab edge
DN = percent of trucks during the day or night
TF = factor to adjust the truck volume for a given month
CON =1, for single axles
= 2, for tandem axles
N, = number of allowable axle load applications of i
magnitude over day or night for the k* month
determined from PCC fatigue cracking curve which is
based on the stress induced by a given load and
thermal gradient

The stress induced by the combination of load (from a variety of axle
configurations) and thermal curling (thermal gradients based on the time of the
year and location) was calculated by the finite element program for each section in
the experimental matrix. Regression equations were developed and incorporated
into the program to determine the combination stresses without the use of a finite
element program.

The flexural fatigue life of the pavement is determined based on the
following equation which was developed through laboratory testing of PCC beams:

log;o(N) = 16.61 - 17.61*(STRESS/M,) (35
where:

N = number of load applications to flexural failure of a PCC beam
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STRESS = tensile stress at the bottom of the slab
M, = modulus of rupture of the PCC adjusted for time dependence

Analysis of Results

The JCP-1 computer program was executed for the JPCP sections of the
large experimental projects within the four climatic zones. The JPCP sections from
Albert Lea, Minnesota (MN 2), Tracy, California (CA 1), Clare, Michigan (MI 1),
and Rocky Mount, North Carolina (NC 1) were used for the analysis. The JRCP
sections at Rothsay, Minnesota could not be used since the design procedure is for
JPCP only or uncracked JRCP (the JRCP slabs at Minnesota were cracked).

The required design inputs for the program were obtained from the
summary tables which are provided in volume IV. The axle load distribution was
obtained from.-the Weigh-In-Motion studies performed for this project. Various
input variables which were not available for several of the sections (such as the
time between pavement construction and opening to traffic, 28-day modulus of
rupture, etc.) were estimated.

Upon execution of the program, the total Miner’s fatigue damage is
computed over time. The timeframe used for the analysis is the time from
opening of the pavement to traffic through the 1987 survey.

The cracking index is calculated using the transverse cracking measured
from the 1987 field surveys. It is summarized in table 45 for each pavement
section under analysis. The original Zero-Maintenance plot of cracking index
versus fatigue damage is shown in figure 49. The new data points generated for
MN 2, CA'1, MI 1, and NC 1 are plotted on the original Zero-Maintenance graph.

The data indicates that, excluding North Carolina and CA 1-9, a general
trend exists between calculated fatigue damage and transverse cracking. There is
also a general agreement between the original Zero-Maintenance data and the data
collected under this study. However, the data collected under this study exhibits
less cracking for the same fatigue damage. This may be explained by the use of
WIM axle load distributions for the analysis. These were considerably higher than
the original data which used mainly W-4 table axle load distributions.

Section CA 1-9 exhibits an extremely large cracking index relative to its
fatigue damage. From those familiar with the section, this cracking occurred very
soon after construction and may have been due to shrinkage. Since the Zero-
Maintenance model was developed to analyze structural cracking, this data point
may not be representative.
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Table 45. Summary of Miner’s fatigue damage and transverse
cracking for MN 2, CA 1, MI 1, and NC 1.

Cracking

Section ID Thickness, in Index, In ft/1000 ft* Ny /N
MN 2-1 9.0 0.0 0.194
MN 2-2 8.0 0.0 0.234
CA 1-1 84 0.947 0.05
CA 1-3 84 5.687 0.728
CA 15 114 0.0 0.269
CA 1-7 84 14.19 0.370
CA 19 84 35.88 0.370
MI 1-4a 9.0 0.0 3.299*10°
MI 1-7a 9.0 0.0 3.874*10°
MI 1-7b 9.0 0.0 3.500*10°
MI 1-10a 9.0 0.0 4.501*10°
MI 1-10b 9.0 3.322 4.635*10°
MI 1-25 9.0 5.571 4.910*10°
NC 1-1 9.0 0.948 746.6
NC 1-2 9.0 1.896 746.8
NC 1-3 9.0 0.943 746.7
NC 14 9.0 0.0 746.7
NC 1-5 9.0 0.0 746.7
NC 1-6 9.0 0.0 761.7
NC 1-8 9.0 1217 746.7
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The results from the 30 ft (9.1 m) JPCP North Carolina sections are
generally far different than the rest of the data collected from this study or from
the original Zero-Maintenance data. These pavements appear to be able to
withstand a large amount of fatigue damage without exhibiting cracking. The
transverse cracking is very low for the long-joint spacing and large amount of
traffic carried by these 20-year-old pavements. One possible explanation is that
the aggregate may exhibit a low thermal coefficient of expansion which would
reduce the thermal curling stresses greatly, and, therefore, decrease the amount of
transverse cracking in these long-jointed plain pavements.

Conclusions and Recommendations

The JCP-1 program can directly and mechanistically consider several key
design factors, including the stiffness of the base/subgrade, climatic area, axle load
distributions and slab thicknesses. The JCP-1 program may be used to examine
the effects of joint spacing on a given design. Using the relationship between
fatigue damage and cracking, presented in figure 49, the proposed joint spacing
can be analyzed to determine the likelihood of significant transverse cracking. If
the total fatigue damage is greater than approximately 1.0, a significant amount of
transverse cracking may be expected to develop over the serviceable life of the
pavement.

At this time, the increased support provided by tied PCC shoulder cannot
be evaluated using the existing program. However, widened lanes can be
evaluated by increasing the lateral distance of truck wheels. The incorporation of
tied PCC shoulders as a design option would require the additional analysis of the
effects of tied shoulders on stresses induced by traffic loading and thermal curling.

9. EVALUATION OF JCS-1

The JCS-1 (Jointed Concrete Shoulder) program was developed to provide a
method of designing jointed concrete shoulders based on a fatigue damage
approach.?® Field and laboratory data were collected and finite element analyses
were performed to aid in the development of a relationship between slab cracking
and fatigue damage in jointed concrete shoulders.

The JCS-1 program can be an integral part of the design process. The
engineer can examine the actual structural thickness requirements of a tied concrete
shoulder which will be much less than that of the mainline pavement. A thinner
concrete shoulder section could result in a substantial savings especially on large
construction -projects in areas where differential frost heave is not a problem.

~ Brief Technical Description
The inputs required for this program are quite similar to the JCP-1 program

since the two procedures are based on a fatigue damage approach. The required
inputs include the thickness of the mainline pavement, the expected load transfer
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efficiency across the tied shoulder, concrete strength properties, shoulder width,
estimated shoulder thickness, axle load distribution, current and future year ADT
and a foundation support (k-value) value.

The fatigue damage analysis was based on the following set of concepts and
assumptions:

1. The two critical fatigue damage locations on the shoulder are at the
lane-shoulder longitudinal joint and outer edge of the shoulder.
These locations were determined through finite element analysis and
confirmed through field observation of shoulder fatigue cracking.

2. Reduction in critical edge stresses caused by traffic loading will
diminish transverse cracking in the tied PCC shoulder.

3. The stresses induced by traffic loading were computed using a finite
element program over a range of design values. Two individual
stress prediction models were developed for the locations of critical
stress (inner and outer edge of the shoulder).

4. A fatigue curve relating the ratio of repeated flexural stress to
modulus of rupture and the number of stress applications to failure
was developed. The reliability of the relationship is 76 percent.

5. The shoulder traffic is determined as a proportion of the mainline
pavement traffic for encroaching traffic (lane/shoulder joint) and
parked traffic (outer shoulder edge). These percentages were
determined through field studies and the examination of previous
research on the subject.

6. Fatigue damage is calculated in terms of Miner’s damage analysis.

7. A relationship between computed fatigue damage and measured
shoulder cracking was developed.

Analysis of Results

The JCS-1 program was executed for all of the sections on SR 360 in
Phoenix, Arizona (AZ 1) and for a section on I-69 near Charlotte, Michigan (MI 4-
1). The axle load distribution for MI 4-1 was based on the Weigh-In-Motion
distribution collected under this study. The axle load distribution for the AZ 1
sections was obtained from W-4 tables representing statewide averages. The use
of the W-4 tables may not be an accurate evaluation of the axle distribution for
AZ 1 since these sections are located in a highly urban area where no loadometer
stations are in place. The remainder of the input variables required for the
analysis are shown in the summary tables presented in volume IV. The results of
the analysis are shown in table 46.
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Table 46. Shoulder fatigue damage analysis for AZ 1 and MI 4-1
using the JCS-1 program.

Section Design Fatigue Damage Fatigue Damage

ID Thickness, in Parking Encroachment
AZ 1-2 9.5 5.11*10° 2.77*10°
AZ 14 13.0 7.49*10° 2.08*10°
AZ 1-5 11.0 3.00*10° 3.91*10°
AZ 1-6 9.0 '8.41*10° 1.98*10°
AZ 1-7 9.0 6.87*107 1.66*10°

MI 4-1 7.5 4.23*10° 2.13*10*

As the fatigue damage resulting from parked traffic approaches a value of
1.0, cracking is expected to initiate at the outer edge of the shoulder. As the
fatigue damage due to encroaching traffic approaches 1.0 then cracking is expected
to initiate at the lane shoulder joint.

The AZ 1 sections are relatively new (less than 10 years old) and have
exhibited no cracking. The fatigue damage computed by the JCS-1 program
indicates similar results since the shoulders are very thick and have experienced
relatively little traffic. The effect of shoulder thickness on the calculated fatigue
damage is evident in the results shown above. Less accumulated fatigue damage
is computed for sections with thick shoulders (AZ 1-4 and AZ 1-5).

The fatigue damage due to parked traffic calculated for MI 4-1 is very large,
indicating that cracks should have developed at the outer edge of the shoulder
slabs. Examination of the field survey and photographic records indicate that the
tied PCC shoulders have performed very well and showed no signs of structural
deterioration (1 percent of the slabs cracked). It appears, for MI 4-1, that the
program does not indicate the condition of the shoulder. A likely explanation is .
that the traffic calculations within the program are over-conservative, estimating
too many parked vehicles. Estimation of shoulder traffic is even more difficult
due to the variability of encroaching traffic and parked traffic.

Conclusions and Recommendations

The JCS-1 program provides a method to design the thickness required for a
tied PCC shoulder. Traditionally, tied concrete shoulders have not been designed;
standard thicknesses instead have been used. However, similar to pavement
design, shoulders can be designed for a certain amount of traffic. Based on
previous research, the amount of traffic that the shoulder must support is far less
than the mainline pavement.**
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The program provides an estimate of the fatigue damage of a shoulder. An
iterative approach is required to determine the minimum thickness to achieve a
fatigue damage of approximately 1.0 over the life of the pavement.

10. EVALUATION OF BERM

The BERM program was developed as gart of a research project which
focused on the structural design of shoulders.*® The program is capable of
designing both flexible and rigid shoulders; however, only the flexible shoulder
design portion will be evaluated under this study.

Many problems exist with the construction of an asphalt shoulder next to a
concrete pavement. The resulting joint between the shoulder and pavement is
difficult to seal due to the different bonding properties of the two materials.
Further, the difference in stiffness of the materials causes different responses to
loading and environment, and the difference in expansion properties of the two
materials also cause problems. Due to these factors and others, asphalt shoulders
have quite frequently been under-designed resulting the structural deterioration of
the shoulder. Therefore, a design procedure to aid the engineer in the selection of
a structural thickness which will support the traffic would be a useful tool.

Brief Technical Description

The BERM program was developed using the RISC finite element program
and a cracking model that was based on results from the AASHO Road
Test.“* Regression equations were developed to determine the critical stresses
ahd strains within the shoulder. The stresses and strains are then related to the
number of 18-kip (80 kN) equivalent axle loads (ESAL) that the shoulder could
sustain before cracking. As with the JCS-1 program, the critical locations were
determined as the shoulder area adjacent to the lane-shoulder joint for encroaching
traffic and the outer edge of the shoulder for parked traffic.

The fatigue damage analysis was based on the following set of concepts and
assumptions:

1. The two critical fatigue damage locations on the shoulder are at the
lane-shoulder longitudinal joint and outer edge of the shoulder.

2. Reduction in critical stresses and strains caused by traffic loading will
diminish fatigue crackihg in the asphalt concrete shoulder.

3. The stresses induced by traffic loading were computed using the RISC
program over a rangé of design values. Two individual stress/strain
prediction models were developed for the critical locations (inner and
outer edge of the shoulder).
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4. A fatigue curve relating the critical stresses and strains to the
allowable number of 18-kip (80 kN) ESAL’s was developed based on
cracking observed at the AASHO Road Test.

5. The user is responsible for determining the number of 18-kip (80 kN)
ESAL’s expected on the shoulder over the life of the pavement. As
stated previously, this is a very difficult quantity to estimate. An
iterative approach adjusting thickness is required until the expected
ESAL’s are roughly equal to the ESAL’s computed by the program.

Analysis of Results

The BERM program was executed for all of the sections on I-95 near Rocky
Mount, North Carolina (NC 1). The input variables required for the analysis are
provided in the summary tables presented in volume IV. The user must
determine the number of ESAL’s that the shoulder must sustain during its life.
Several studies have been performed to examine the traffic sustained by the
shoulder relative to the mainline.®®**® The studies indicate that the encroaching
traffic and parked traffic is 1 to 8 percent and 0.005 percent to 0.0005 percent,
respectively, of the mainline traffic. For this analysis, it is assumed that 4 percent
of the mainline traffic encroaches onto the shoulder and 0.003 percent of the
mainline pavement parks on the shoulder. For NC 1, the total number of ESAL’s
sustained by the mainline pavement was estimated to be 9.137 million ESAL's.
Therefore, 0.366 ESAL’s encroach onto the shoulder and 2.74 * 10° million ESAL’s
park on the shoulder. The fatigue damage is manually determined as the ratio of
the number of estimated ESAL’s (percentage of the mainline traffic) and the
number of allowable ESAL’s (as calculated by the program). The results of the
analysis are shown in table 47.

Table 47. Shoulder fatigue analysis for NC 1 using the BERM program.

Section Design Fatigue Damage Fatigue Damage
ID Thickness, in Parking Encroachment
NC 1-1 3.0 6.93 2.27*10?
NC 1-2 3.0 6.93 2.27*10?
NC 1-3 3.0 3.28 3.97*10?
NC 1-4 3.0 3.28 3.97*10?
NC 1-5 3.0 6.93 2.27*10?
NC 1-6 3.0 13.76 1.41*10?
NC 1-7 3.0 13.76 1.41*10?
NC 1-8 3.0 13.76 1.41*10?

If the fatigue damage for either location approaches 1.0, then the asphalt
shoulder is expected to crack. The results of the analyses indicate that the fatigue
damage due to encroachment for the design thickness of 3 in (76 mm) is relatively
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small and little damage has accumulated at the lane-shoulder interface due to
encroaching fraffic. Parked traffic has caused more accumulation of fatigue
damage at the outer edge of the shoulder. These results would indicate that the
shoulder is in relatively poor condition because of cracking due to parked traffic.
Upon examination of the field surveys and photographic records, the shoulders
appear to be performing fairly well. Although they show signs of weathering and
raveling and sympathetic cracking at locations collinear with the joints in the
mainline pavement, they show little sign of structural deterioration. The program
indicates that the shoulders should exhibit signs of fatigue cracking at the outer
edge of the shoulder. This discrepancy may be due to the estimate of the amount
of parked traffic on the shoulder which is very difficult to estimate.

Conclusions and Recommendations

The BERM program provides a method of determining asphalt shoulder
thickness based on the materials’ properties and estimated traffic. This program
would be very useful in design, since many asphalt concrete shoulders appear to
be under-designed.

The fatigue model used in the program was developed from AASHO Road
Test data which consists of interior loading of asphalt concrete pavements. The
lane-shoulder joint represents an edge condition where the strain under load
would be much higher. Since the road test was conducted in a single location
with very controlled materials, the applicability of the data for use throughout the
country is questionable.

11. SUMMARY AND CONCLUSIONS

This chapter has presented case studies, employing various analysis
programs and design methods, for several of the large experimental projects
included in this study. The programs evaluated in this study include CMS, the
Liu-Lytton drainage models, ILLISLAB, PMARP, the Zero-Maintenance design
procedure, and the JCS-1 and BERM shoulder design methods. The case studies
provide insight into the usefulness of these procedures in the rigid pavement
design process.

The response of the pavement system to the environment has long been
ignored in the design of rigid pavements. The CMS model uses site-specific
climatic data to determine the material’s response to daily, seasonal, and yearly
changes in the environmental conditions. The Liu-Lytton drainage model was
developed to analyze the drainage capabilities of a given cross-section subjected to
specific environmental conditions. These models provide not only valuable insight
into the response of the pavement to the environment but they also are potentially
valuable tools for the design of rigid pavements.

The outputs of the CMS and Liu-Lytton models provide the design engineer
the ability to analyze the drainage capabilities of a rigid pavement system and to
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determine the effects of the environment on that pavement. These models may be
used in conjunction with a structural model, such as ILLISLAB, to determine the
stresses and deflections resulting from the environment and the -combination of
load and environment. These stresses and deflections can, with the use of a
fatigue equation or transfer function, be translated into the number of repetitions
that a pavement slab before failing in fatigue. This is the basis of a mechanistic-
empirical design procedure. However, the Liu-Lytton and CMS programs require
numerous and obscure inputs. Also, the interpretation of the results requires that
the user be familiar with the theoretical concepts analyzed in order to fully use
the programs’ capabilities. Work is underway to chain these models together and
to simplify the procedure.

The ILLISLAB and PMARP programs can be used in the structural analysis
of a specific pavement cross section. Each program has specific capabilities and
applications- to design. For example, the PMARP program can be used to examine
the pumping potential of the pavement system or the accumulated fatigue damage
for a given level of traffic. However, it should be noted that several technical
problems were discovered with this program while performing the case studies.
The ILLISLAB program was shown to have broad application to rigid pavement
analysis by examining the stresses induced in a slab due to a temperature
differential between the top and bottom of the slab, traffic loading, and the
combination of these factors. Future enhancements to ILLISLAB should include a
generation of the finite element mesh using program limitations and other
graphical outputs to facilitate data interpretation.

The structural analysis models also require some degree of expertise in that
the user must develop a finite element mesh. The accuracy of the results is highly
dependent on the mesh.

The Zero-Maintenance design procedure was developed based on
mechanistic-empirical principles. The procedure accounts for the effect of thermal
gradients and load stresses on the fatigue of rigid pavements. The procedure
provides a useful tool in the design and analysis of rigid pavements.

In the past, design of pavement shoulders has been based on engineering
judgment or policy decisions. Two design procedures have been developed which
aid the engineer in determining the thickness required to support the estimated
shoulder traffic. The JCS-1 program may be used to design the thickness and load
transfer required for a tied PCC shoulder. The BERM program may be used to
design the required thickness for an asphalt shoulder. With these programs,
adequate shoulder designs can be achieved.

The potential benefits obtained through the use of design and analysis
programs such as these can contribute to the improvement of rigid pavement
design. However, it must be realized that the procedures are only tools to assist
in pavement design and analysis; they are intended to supplement, not replace,
engineering judgment and knowledge.
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CHAPTER 5 DEVELOPMENT OF NEW PREDICTION MODELS
1. INTRODUCTION

With the acceptance that the existing prediction models for concrete
pavements have some deficiencies, it is desirable to try to develop new models
which more accurately predict the performance of inservice concrete pavements.
Realizing that the 95 pavement sections from this study would not be of sufficient
number to allow the development of accurate models, the 95 sections from the
RIPPER database were combined with the over 400 concrete pavement sections
from the COPES database to allow for a large number of sections and a variety of
different pavement designs and design features. While there are certainly
limitations with the new models, they are nevertheless believed to be more
accurate than any other prediction models currently available.

2. NEW PREDICTION MODELS
Present Serviceability Rating (PSR)

The combined RIPPER and COPES database was utilized to develop
predictive models for the mean panel present serviceability ratings (PSR). The
models were of the form where PSR is the dependent (y) variable and pavement
distress types are the independent (x) variables.

- The prediction of panel PSR ratings has been modeled several ways in the
past. The original PSR equation from the AASHO Road Test was based upon
both roughness and distress.* Many other models have been developed based
solely on roughness (reference 45), or solely on visual distress (reference 46).

The best way to predict PSR is using roughness. However, a PSR model
based on only key distress types is useful in mechanistic-empirical design of
pavements to approximately relate physical deterioration (that can be estimated
using other models) to serviceability, or user response.

PSR prediction models were developed for both JPCP and JRCP. Whereas
all measured types of distress were initially considered, only three key distress
types proved significant: joint faulting, joint deterioration (spalling), and transverse

cracking. The presence of full-depth patching also displayed some significance and
hence is included in the equations. . '

The models for each pavement type are shown below.

Jointed Plain Concrete Pavefnents

PSR = 4.356 - 0.0182 TFAULT - 0.00313 SPALL - 0.00162 TCRKS
- 0.00317 FDR (36)
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Where:
PSR =
TFAULT =
SPALL =

TCRKS =
FDR =

Statistics:

-

Mean panel rating of pavement (0 to 5 AASHTO Scale)
Cumulative transverse joint faulting, in/mi

Number of deteriorated (medium- and high-severity) transverse
joints per mile

Number of transverse cracks (all severities) per mile

Number of full-depth repairs per mile

R? = 0.58
SEE = 0.31 (units of PSR)
= 282

Jointed Reinforced Concrete Pavements

PSR =

Whére:
PSR =
TFAULT

SPALL

MHTCRKS

FDR =

Statistics:

4.333 - 0.0539 TFAULT - 0.00372 SPALL
- 0.00425 MHTCRKS - 0.000531 FDR (37)

Mean panel rating of pavement (0 to 5 AASHTO Scale)
Cumulative transverse joint faulting, in/mi

Number of deteriorated (medium- and high-severity) transverse
joints per mile

Number of medium- and high-severity cracks per mile

Number of full-depth repairs per mile

R? = 0.64
SEE = 0.37 (units of PSR)
n = 434

The values for R* and SEE are similar to those of the original PSR models
developed at the AASHO Road Test.*®
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Examination of the PSR models shows that transverse joint faulting has the
greatest effect on reducing the PSR. Spalling, transverse cracking and full-depth
repairs have a_much lesser effect on reducing PSR. '

The primary limitation of these models is that they do not include all
distress types nor "long wavelength” roughness, such as would be caused by
settlements or heaves. In fact, the relatively low R? and high standard errors
clearly indicate that there exists other sources of variation in PSR.

These models are not intended to be used to predict PSR (or PSI) in place
of roughness, since it can be shown that measured roughness is the best way to
predict serviceability. These models are intended only for use in predicting
serviceability when only key distress types are available. Even then, the models
should be used with caution, recognizing their limitations.

Longitudinal Cracking

Longitudinal cracks run parallel to the centerline of the pavement, in either
lane. Longitudinal cracking included in this analysis is for all severity levels.
Longitudinal cracking existed on 17 percent of the sections in the RIPPER
database. However, a significant amount of longitudinal cracking (e.g., over 500
ft/mi, or about 10 percent of the section length) only occurred on only 3 percent
of the sections.

Longitudinal cracking is a major concern if it occurs in the wheelpaths.
This has occurred due to inadequate centerline sawing practices, which includes
depth of sawing and timing of sawing and must also consider the type of base
(friction, bond). However, major foundation movements from swelling or
expansive soils can also cause random slab cracking.

An analysis was conducted to determine if a model could be developed that
would predict the occurrence of longitudinal cracking. The entire COPES and
RIPPER databases were used in the analysis, although some of the sections from
the AASHO Road Test were excluded since they were so short. The resulting
database included 658 sections of JPCP and JRCP. The sections represent a wide
range of pavement designs and climates.

The major deficiency of the database was that no construction-specific data
exists on the construction of the longitudinal joint, such as measured saw depths
and time between slab placement and sawing operations. A large majority of
pavements were two-lane, one-directional Interstate highways having deformed
rebar ties across the longitudinal joint. Only those pavement in California did not

" have tie bars across the lanes.

A number of factors were identified in the database that might have an
effect on the development of longitudinal cracking. These included yearly mean
temperature range, mean annual precipitation, mean freezing index, traffic
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loadings, pavement type (JPCP or JRCP), age, slab thickness, base type and type of
joint forming technique (plastic tape insert or saw cutting).

All attempts to develop a prediction model were unsuccessful. One reason
was the low proportion of sections to exhibit longitudinal cracking (17 percent),
but it is believed that the major reason was that some of the key factors
influencing longitudinal cracking are construction-related. Therefore, it was only
possible to identify a few design factors that affected the occurrence of
longitudinal cracking.

After numerous correlation and regression analyses that considered all
variables in the database, only two factors appeared to have a significant effect on
longitudinal cracking. These factors were base type and joint forming method
(sawcut or plastic tape insert). The database was averaged over these factors and
the results are shown in table 48. There appears to be a significant difference in
longitudinal cracking between the plastic tape insert method and the saw cut
method. The plastic tape insert method results in far more longitudinal cracks
than the saw cut method (215 ft/mi vs. 38 ft/mi).

Table 48 also shows the effect of base type on the occurrence of longitudinal
cracking. Aggregate bases or no base type (slab on grade) appears to have fewer
longitudinal cracks than those with stabilized bases, either with inserts or sawcut
joints. Cement-treated, asphalt-treated, and lean concrete bases all have much
higher amounts of longitudinal cracking than aggregate or subgrade. Due to the
limited number of certain base types, further differentiation is not possible.

Concrete slabs placed on an asphalt-treated base with plastic inserts used to
form the longitudinal joints seem to be the worst case, although there are only
four such cases in this study. However, the plastic insert method appears to be
acceptable with aggregate bases.

The base type is believed to be critical because of the friction produced
between the slab and base course. Friction testing results generally show that
slabs on grade or slabs on an aggregate base have much less sliding friction than
a slab on a stabilized base. This data indicates that concrete pavements placed on
any type of stabilized base are particularly susceptible to longitudinal crack
development. The use of proper saw cutting is the most important factor in
reducing the crack potential. While the depth of saw cut was not measured on
any of the projects, the depth of the longitudinal joint from plans indicated that
depths between 25 and 33 percent of the slab depth were generally adequate.

Transverse Joint Faulting
Transverse joint faulting is a major distress type that causes loss of
serviceability in a jointed concrete pavement. Many jointed concrete pavements

have shown serious faulting which has contributed to the need for expending
funds for their rehabilitation.
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Table 48. Mean longitudinal cracking for all sections included in
COPES and RIPPER databases.

LONG. JT. BASE N LCRKS LCRKS
FORM TYPE TYPE CASES (FT/MILE) (FT/MILE)

INSERT AGG 41 27
INSERT ATB 4 2051
: 215
INSERT CTB 12 224
INSERT LCB 2 346
SAW None 17 17
SAW AGG 353 19
SAW ATB 65 58 38
SAW CTB 136 73
SAW LCB 8 170
Notes:
1. Longitudinal cracks (LCRKS) include all severities—low, medium, and

high—occurring in two adjacent traffic lanes.

2. Base types: None - slab on grade
AGG - aggregate base
ATB - asphalt-treated base
CTB - cement-treated base
LCB - lean concrete base

3. Joint forming type: INSERT - plastic tape insert
SAW - saw cut in hardened concrete
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Design engineers have attempted to reduce faulting through many different
ways, including the use of dowels, nonerodible bases, permeable bases, and shorter
joint spacing. Many of these attempts have been unsuccessful or only partially
successful. Procedures are urgently needed to assist designers in developing joint
designs that will experience limited faulting over their service life, yet not result in
large initial construction costs due to overdesign.

Several attempts have been made to predict the faulting of transverse
joints.®41®  All of these attempts have been partially successful in that prediction
models were obtained that showed reasonable results. The major limitation of
these models was in the limited database of designs that was used to generate
them.

The combined RIPPER and COPES databases provides for a greatly
expanded database that includes pavement sections with new design features, such
as permeable bases, thick slabs, and dowels in dry climates. Table 49 provides a
matrix of data illustrating the distribution of types of pavement designs and
climates in the combined database. There is fairly good dispersion of pavement
sections with only a few "holes" such as the lack of dowels in dry-nonfreeze areas
(e.g., southwestern U.S.). There are also too few pavements with open-graded
bases in certain areas like the southeastern U.S.

Table 49. Distribution of pavement sections and designs used
in development of faulting models.

B ASE TYUPE

None/AGG CTB/ATB LCB PERM
Climatic Region ND D ND D ND D ND D
Wet-freeze (IL,MI, 5 257 5 44 2 - 2 5
OH,PA,ONT,NJ,NY)
Wet-nonfreeze 14 11 82 35 -- 4 - -
(CA,FLNC,GA,LA)
Dry-freeze (MN,NE,UT) 2 141 86 10 - - - 1
Dry-nonfreeze (CA,AZ) 3 -- 127 -- 14 1 - -

ND = Nondoweled
D = Doweled

Two predictive models were developed using the combined databases; one

for nondoweled pavements and one for doweled pavements. Because of the
mechanisms involved in faulting, it was not possible to combine these two design
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types into one model. The models were developed using a combination of
mechanistic and empirical approaches. The form of the model was based upon
observations of the development of faulting from field pavements. Key variables
were identified that affect faulting from the RIPPER and COPES data analysis.
Both linear and nonlinear regression techniques were utilized. Linear regression
was used to help identify significant factors in the database, and nonlinear
regression was used to establish the final coefficients on the factors in the form of
the model established.

Doweled Concrete Pavements

The mechanistic-empirical faulting model for doweled concrete pavement is
as follows:

FAULT = ESAL*™ * [ 0.1204 + 0.04048 * ( BSTRESS1 / 1000 )% +

0.007353 * ( AVJSPACE / 10 )*™ ) - 0.1492
* ( KSTAT / 100)°*" - 0.01868 * DRAIN - 0.00879

* EDGESUP - 0.00959 * STYPE ] (38)
Where:
FAULT = Mean transverse joint faulting, in;
ESAL = Cumulative equivalent 18-kip (80 kN) single-axle loads in lane,
millions;

BSTRESS = Maximum concrete bearing stress using closed-form equation, psi;
=f4*P*T*[K,*(2+BETA*OPENING ) / (4 *E, * I
* BETA®) ]
BETA =[K,*DOWEL/ (@4 *E *1)]®

£, = Distribution factor;
=2*12 /(1 +12)

l = Radius of relative stiffness, in;
=[ E.* THICK® / (12 * (1 - u?) * KSTAT ) |°®

E. = Concrete modulus of elasticity, psi;
= 14.4 * 150"° * MR,
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I = Moment of inertia of dowel bar cross section, in*;
= 0.25’ * 31416 * ( DOWEL / 2 )*

THICK = Slab thickness, in;

MR, = Concrete modulus of rupture at 28 days, psi;

u = Poisson’s Ratio, set to 0.15;

P = Applied wheel load, set to 9000 lb;

T = Percent transferred load, set to 0.45;

K, = Modulus of dowel support, set to 1,500,000 pci;
BETA = Relative stiffness of the dowel-concrete system;

DOWEL = Dowel diameter, in;

E, = Modulus of elasticity of the dowel bar, set to
29,000,000 psi;

KSTAT = Effective modulus of subgrade reaction, on the top of base, psi/in;

OPENING = Average transverse joint opening, in
= CON * AVJSPACE * 12 * ( ALPHA * TRANGE / 2 + ¢)

AVJSPACE = Average transverse joint spacing, ft;
CON = Adjustment factor due to base/slab frictional restraint,
= 0.65 if stabilized base,
= 0.80 if aggregate base or lean concrete base with bond breaker
ALPHA = Thermal coefficient of contraction of PCC, set to 0.000006 /°F;
TRANGE = Annual temperature range, °F;
e = Drying shrinkage coefficient of PCC, set to 0.00015 strain;
DRAIN = Index for drainage condition,
= 0, if no edge subdrain exists,
= 1, if edge subdrain exists;
EDGESUP = Index for edge support,

= 0, if no edge support exists,
= 1, if edge support exists;

182



[y

= Index for AASHTO subgrade soil classification,
=0, if A-4 to A-7,
= 1, if A-1 to A-3;

0.67
0.0571 in
559

wn

53|

ti
o

This prediction model includes many variables that have been shown by
field investigations to affect faulting. These include repeated heavy traffic
loadings, dowel bearing stress (which is greatly affected by dowel diameter), joint
spacing, effective k-value, longitudinal drains, edge support from tied PCC
shoulders or widened traffic lanes, and type of subgrade (probably because
granular soils exhibit better drainage characteristics).

A plot showing predicted versus actual faulting is given in figure 50. A
sensitivity of the doweled faulting model is shown in figures 51 and 52. Dowel
diameter (for a constant dowel spacing of 12 in [305 mm]) and provision for
subdrainage are observed to be the most critical design factors affecting transverse
joint faulting.

Nondoweled Concrete Pavements

The faulting model for nondoweled concrete pavement slabs is as follows:
FAULT = ESAL* * [ 0.000038 + 0.01830 * ( 100* OPENING )°*%

+ 0.000619 * ( 100 * DEFLAMI )" + 0.0400 * ( FI / 1000 )**9
+ 0.00565 * BTERM - 0.00770 * EDGESUP - 0.00263 * STYPE

- 0.00891 * DRAIN ] (39)
Where:
FAULT = Mean faulting across the transverse joints, in;
ESAL = Cumulative 18-kip (80 kN) equivalent single-axle loads in traffic

lane, millions;

OPENING = Average transverse joint opening, in;
= CON * AVJSPACE * 12 * ( ALPHA * TRANGE / 2 + e)
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CON = Adjustment factor due to base/slab frictional restraint,
= 0.65 if stabilized base,
= 0.80 if aggregate base;

AVJSPACE = Average transverse joint spacing, ft;

ALPHA = Thermal coefficient of contraction of PCC, set to 0.000006 /°F;
TRANGE = Annual temperature range, °F; (Minimum average January
temperature - Maximum average July temperature)
e = Drying shrinkage coefficient of PCC, set to 0.00015 strain;
DEFLAMI oannides’ corner deflection, in;*”

I
‘P*(12-088*14142*a /1) / (KSTAT * P)
R

l adius of relative stiffness, in;

E. * THICK® / (12 * (1 - u?) * KSTAT ) |*®

[
Concrete modulus of elasticity, psi;

E. =
= 14.4 * 150" * MR,
P = Applied wheel load, set to 9000 1b;
a = Radius of the applied load, set to 5.64 in, assuming
tire pressure = 90 psi;
KSTAT = Modulus of subgrade reaction, on the top of base, psi/in;
THICK = Slab thickness, in;
u = Poisson’s Ratio, set to 0.15;
MR, = Concrete modulus of rupture at 28 days, psi;
BTERM = Base type factor;
= 10 * [ ESAL"™ * ( 0.04546 + 0.05115 * GB + 0.007279 * CTB
+ 0.003183 * ATB -0.003714 * OGB - 0.006441 * LCB ) ]
GB = Dummy variable for dense-graded aggregate base,
= 1 if aggregate base,
= 0 otherwise;
CTB ummy variable for dense-graded, cement-treated base,

=D
= 1 if cement-treated base,
= 0 otherwise;
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ATB = Dummy variable for dense-graded, asphalt-treated base,
= 1 if asphalt-treated base,
= 0 otherwise;

OGB = Dummy variable for open-graded aggregate base

or open-graded asphalt-treated base,
= 1 if open-graded base,
= 0 otherwise; and

LCB = Dummy variable for lean concrete base,
= 1 if lean concrete base,
= 0 otherwise.

FI =~ = Freezing index, Degree-Days;

DRAIN Index for drainage condition,
0, if no edge subdrain exists,

1, if edge subdrain exists;

EDGESUP Index for edge support,
0, if no edge support exists,
1,

if edge support exists;

STYPE Index for AASHTO subgrade soil classification,
0, if A-4 to A-7,
1,

if A-1 to A-3;

Statistics:

R2
SEE
n

0.81
0.028 in
398

This prediction model includes many variables that have been shown by
field investigations to affect faulting of nondoweled joints. These include repeated
heavy traffic loadings, base type, free corner deflection (which is a function of slab
thickness and effective k-values), joint opening (which is a function of temperature,
joint spacing and slab/base friction), climate, longitudinal drains, edge support
from tied PCC shoulders or widened traffic lanes and type of subgrade (probably
because granular soils exhibit better drainage characteristics).

A plot showing predicted versus actual joint faulting is given in figure 53.
A sensitivity of the doweled and nondoweled faulting model is shown in figure
54. Base type, drainage, joint spacing and ESAL are observed to be the most
critical design factors affecting transverse joint faulting.
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These mechanistic-empirical models for joint faulting can be utilized for
checking joint designs to determine if the design will prevent significant faulting
for the given design traffic, climate, and subgrade soils,. Examples of applying
this type of model for checking joint designs is given in reference 7.

Transverse Cracking

Transverse cracking in concrete slabs may occur for a number of reasons.
Large temperature gradients through the slab, heavy truck loadings, and shrinkage
of the concrete immediately after placement can all produce stresses in the slab
which can result in transverse cracking. Once initiated, transverse cracks are entry
points for water and incompressibles and can deteriorate further under traffic
loadings. The presence of excessive transverse cracking can significantly detract
from the overall serviceability of a concrete pavement.

Transverse cracks can occur in both jointed plain and jointed reinforced
pavements. However, the mechanism influencing its occurrence in each pavement
type is different. For example, transverse cracks occurring in JPCP are usually
due to either thermal curling or truck loading (fatigue) whereas transverse cracks
occurring in JRCP are generally due to thermal curling and shrinkage. This can
be attributed to the fact that JRCP is actually designed to crack. That is, the long
joint spacing for JRCP (generally on the order of 40 ft [12.2 m] or longer) produce
excessive thermal stresses which result in transverse cracking. However, the slabs
contain reinforcing steel which is expected to hold the cracks tight. Thus, for the
reason that JRCP are expected to crack, no model was developed for JRCP.
Instead, efforts concentrated on developing a model for transverse cracking in
jointed plain concrete pavements.

The model developed was based on a fatigue-consumption approach similar
to the one used in reference 2. This concept theorizes that a concrete pavement
‘has a finite life and can withstand a maximum allowable number of repetitions, N,
of a given traffic loading. Every individual traffic loading applied, n, decreases
the life of the pavement by an infinitesimal amount. Theoretically, when X n/N =
1, fracture of the concrete material would occur. However, because of the range
in variability of materials, traffic loading, and other properties, fracture of the slab
(due to fatigue) can occur at values less than 1.

The following sections outline the procedure followed in the development of
the JPCP cracking model. Only the 52 JPCP sections from the RIPPER database
were considered in this evaluation.

Applied n

Based on historical traffic data, W-4 tables, and WIM data, the number of
18-kip (80 kN) equivalent single-axle load (ESAL) applications was estimated for
each JPCP section. However, not all of these loadings would have been located at
the slab edge. Studies have shown that trucks encroach into an edge loading
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condition (si%r, within 12 in [305 mm] of the slab edge) between 3 and 7 percent
of the time.*’ Thus, it was assumed that an average of 5 percent of the trucks
loaded the slab at the critical edge location. However, if a pavement section had
a widened outside traffic lane, it was assumed that only 0.1 percent of the truck
loadings produced an edge loading condition.*” The edge loading condition is
considered critical for JPCP pavements as this is the location of the maximum
stress in the slab under temperature and traffic loading and will be the point of
crack initiation.

For example, if a pavement has endured an estimated 10 million 18-kip (80
kN) ESAL applications, it is assumed that only 5 percent or 0.5 million ESAL
applications occur at the critical edge location; therefore n = 0.5 million. Similarly,
if the pavement has a widened outside traffic lane, only 0.1 percent or 0.01 million
18-kip (80 kN) ESAL applications (n = 0.01 million) are assumed to occur at the
critical edge location.

As the indicator for applied loadings, 18-kip (80 kN) ESAL applications
were selected because it is an easier quantity to compute than detailed axle load
data. Detailed axle load information would provide more accurate results, but it
can often be a tedious and difficult computation and, furthermore, reliable axle
load data is not always readily available. Additionally, as will be illustrated, a
fairly good relation was obtained for the 18-kip (80 kN) ESAL applications.

It should be noted that the load equivalency factors used in estimating
ESAL applications are from the AASHO Road Test and are based on serviceability,
not on cracking. Therefore, there is some error associated with using ESAL
applications as the loading factor in the fatigue analysis. Distress-based load
equivalency factors would undoubtedly provide a better estimate of 18-kip (80 kN)
ESAL applications. '

Allowable N

The maximum number of allowable number of repetitions, N, is computed
using concrete fatigue damage considerations. First, stresses at the concrete slab
edge were computed for a combination of traffic loading and thermal curling.
These stresses were calculated using equations developed in reference 2. A 9000
Ib (40 kN) wheel load was assumed for the load calculation and the yearly
average thermal gradients depicted in table 50 were assumed for the thermal
curling calculation. These thermal gradients are daytime gradients, which
represents the critical thermal curling condition when thermal stresses and load
stresses are additive. By considering the gradients, the total stress at the slab edge
due to loading and thermal curling was determined.

The stress at the slab edge was reduced, however, if tied concrete shoulders
were present. Tied concrete shoulders are expected to provide support to the
mainline pavement and thereby reduce the magnitude of the critical edge stress.
Since the deflection load transfer between the mainline pavement and tied concrete
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Table 50. Yearly average daytime thermal gradients used in curling computations.(2)

AVERAGE DAYTIME THERMAL GRADIENT, °F/in

Slab Wet-Nonfreeze Dry/Wet-Freeze  Dry-Nonfreeze
Thickness,.in Climatic Zone Climatic Zones Climatic Zone
8 140 1.13 1.41
9 1.30 1.05 1.31
10 1.21 0.96 1.21
11 1.11 0.87 1.10
12 1.01 0.79 1.00
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shoulder had been obtained during the field testing, the amount of support, or
edge stress reduction, could be estimated from figure 55. This figure provides the
equivalent stress load transfer for a given deflection load transfer and this stress
load transfer was used to determine the amount of support (and hence the
reduction in the number of 18-kip (80 kN) ESAL applications) provided by the
concrete shoulders. For example, if the deflection load transfer efficiency (LTE) for
a concrete shoulder is 43 percent, the equivalent stress LTE is approximately 14
percent (only 14 percent of the stress is being transferred). Therefore, since

Total Stress = Stressiged + SHESS,nioaded and
Stress LTE = Stress oed / StreSSipaied
Then
Total Stress = Stress, g + (Stress,q.s) * Stress LTE
or
Stress,,q = Total Stress / (1 + Stress LTE)

Thus, for the above example, the computed (total) edge stress would be multiplied
by a factor of [1/(1 + 0.14)] or 0.88.

The stress equations in reference 2 require several section-specific design
inputs, including slab thickness, composite k-value, and slab length. It should be
noted that, for sections with random slab lengths (e.g., 12-13-19-18 ft [3.7-4.0-5.8-
5.5 m]), each slab length was considered individually as the stresses produced on
each slab would be different. This also required that the percentage of slabs
cracked be broken down according to slab length. In this way, there were
actually 184 cases representing the 52 JPCP sections.

With the critical stress value calculated for the slab edge, the stress ratio
was computed. The stress ratio is defined as the ratio of the edge stress to the
28-day modulus of rupture (third point). This value was then directly entered into
the following fatigue equation:

Logo N = 213*[1/SR]™ (40)
where:
N = Allowable 18-kip (80 kN) applications
SR = Stress Ratio, ratio of computed edge stress to 28-day

modulus of rupture

The above equation was originally developed for airport work and has shown
good results in various applications.®
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[PCP_Cracking Model

With the determination of n and N, cumulative fatigue damage (n / N) was
calculated for each JPCP section (or for each individual slab length for JPCP
sections with random joint spacing). The base ten logarithm was taken of each
fatigue damage value and plotted against the corresponding percent slabs cracked.
This is illustrated by the individual data points shown in figure 56. This figure
indicates that most transverse slab cracking occurs in a vertical band between -
and +2. Thus, as fatigue damage approaches 1 (log; [n/N] approaches 0), the
likelihood of transverse slab cracking increases. The reason for the range of values
is because of variations in material properties, traffic estimations, and other factors.

Linear and nonlinear regression procedures were used to try to fit a model
through the data. However, the large scatter of data prevented the development
of a reasonable model. Therefore, a model was fit through the data for the
sections exhibiting cracking. As such, this model would provide a conservative
estimate of the development of transverse cracking since many of the sections that
had fatigue damage near 1 and no slab cracking were excluded. The model,
which is plotted in figure 56, is given below.

1
P = (41)
0.01 + 0.03 * [ 20%s /™ ]
where:
P = Percent of Slabs Cracked
n = Actual number of 18-kip (80 kN) ESAL applications at slab edge
N = Allowable 18-kip (80 kN) ESAL applications (from Eq. 40)

This equation fits the data fairly well and is in the classical S-shaped curve, which
is thought of as representing actual distress development. As such, the curve
meets the required boundary conditions (i.e., zero slab cracking for zero fatigue
damage and 100 percent slab cracking for infinite fatigue damage).

A sensitivity analysis was performed on the equation for several key
pavement design inputs. Figure 57 provides slab cracking as a function of 18-kip
(80 kN) lane (not edge) ESAL applications for different shoulder types. It is
observed that the section with a tied PCC shoulder (20 percent stress load transfer
efficiency assumed) and the section with a widened outside traffic lane and AC
shoulder exhibit very little, if any, transverse cracking. However, the section with
with the AC shoulder displays a significant amount of transverse cracking.

Figure 58 provides a similar sensitivity analysis for joint spacing. The
positive influence of shorter slabs on reducing transverse cracking is clearly
evident. The reduction in slab cracking between 20 ft (6.1 m) and 15 ft (4.6 m)
slabs is quite significant, but additional benefit is also seen in reducing the joint
spacing to 10 ft (3.0 m).
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Figure 59 provides a sensitivity analysis of the transverse cracking model
with respect to slab thickness. The 8-in (203 mm) slab is observed to exhibit
extensive slab cracking very early in its life. Increasing the slab thickness from 8
in (203 mm) to 10 in (254 mm) has an enormous effect on reducing the
development of fatigue cracking. Likewise, an increase in slab thickness from 10
in (254 mm) to 12 in (305 mm) reduces the amount of transverse slab cracking to
essentially zero.

While the cracking model employs a mechanistic approach to the
development of transverse cracking, there are other factors currently not
incorporated (e.g., thermal coefficient of expansion, friction from the base) that also
are believed to contribute to cracking.

Transverse Joint Spalling

Using the definition provided in reference 50, joint and corner spalling is
defined as any type of fracture or deterioration of the transverse joints, excluding
corner breaks. Only medium- and high-severity joint spalling is included in the
prediction models. -

A wide range of designs are included in this evaluation. The COPES
database and the RIPPER database were combined to produce a larger database
for development of the joint spalling models: 262 data points for JPCP and 280
data points for JRCP. The data was cleaned to remove any sections that had
unusual load transfer mechanisms (e.g., ACME devices) or that were constructed
using ineffective joint forming methods (e.g., Unitube joint inserts). This was done
since these devices may actually contribute to joint spalling, and most new
construction does not use these devices.

The data represents a wide range of climates across the U.S. from the major
climatic zones, wet-freeze, wet-nonfreeze, diy-freeze and dry-nonfreeze. The only
exception was that there were no JRCP sections located in dry-nonfreeze areas.

Prediction models were developed separately for JPCP and JRCP. Extensive
efforts to develop a single model for joint spalling was not successful. One reason
may be that most of the joint spalling for JPCP was of medium-severity, with very
few joints with high-severity spalling. JRCP sections, however, had a much
greater proportion of joints exhibiting high-severity joint spalling.

JPCP Joint Spalling Model

The final joint spalling model for JPCP is given as follows:
JTSPALL = AGE*” * [ 0.0221 + 0.5494 DCRACK

- 0.0135 LIQSEAL - 0.0419 PREFSEAL + 0.0000362 FI | (42)
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Where:

JTSPALL = Number of medium-high joint spalls/mile

AGE = Age since original construction, years
DCRACK = 0, if no D-cracking exists
= 1, if D-cracking exists
LIQSEAL = 0, if no liquid sealant exists in joint
= 1, if liquid sealant exists in joint
PREFSEAL = 0, if no preformed compression seal exists
= 1, if preformed compression seal exists
FI = Freezing Index, degree days below freezing
Statistics:
R? = 0.59
SEE = 15 joints/mi
n = 262

A sensitivity of the model is shown in figures 60 and 61. Figure 60 shows
the average effect that joint sealants have on a JPCP in a cold climate (FI = 400,
no D-cracking). Having a liquid joint sealant reduces the amount of spalling by
nearly 50 percent over a 30-year-period. A preformed sealant reduces the amount
of joint spalling to essentially zero over a 30-year-period. One such example of
this was the ONT 2 section. This pavement section contained a preformed joint
sealant and did not exhibit any joint spalling over a period of 15 years. Since it is
believed that incompressibles are the major cause of joint spalling, it appears that
preformed sealants are capable of keeping incompressibles from infiltrating the
joints for a significant period of time.

Figure 61 shows the dramatic effect of D-cracking on joint spalling. It also
shows the effect of a warm climate (FI = 0) and a freezing climate (FI = 400) on
the development of joint spalling.

JRCP Joint Spalling Model

The final joint spalling model for JRCP is given as follows:
JISPALL = AGE“? * [ 0.00024 + 0.0000269 DCRACK
+ 0.000307 REACTAGG - 0.000033 LIQSEAL
- 0.0003 PREFSEAL + 0.00000014 FI ] , (43)
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Where the terms are all as defined previously except:

REACTAGG = 0, if no reactive aggregate exists
= 1, if no reactive aggregate exists

Statistics:
R? = 047
SEE = 13 joints/mi
n = 280

A sensitivity of the model is shown in figure 62. This figure shows the
average effect that joint sealants have on a JRCP in a cold climate (FI = 400, no D-
cracking). Having a liquid joint sealant reduces the amount of spalling by about
11 percent over a 30-year-period. However, a preformed sealant reduces the
amount of joint spalling to essentially zero over the same 30-year-period.

One such example of this performance was MI 4-1 near Charlotte, Michigan.
This pavement, which had a preformed sealant, did not exhibit any joint spalling
over a period of 15 years. Again, the preformed sealants are apparently keeping
out incompressibles, which are believed to be the major cause of joint spalling.
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CHAPTER 6 EVALUATION OF THE COST-EFFECTIVENESS OF
SELECTED PAVEMENT DESIGN FEATURES

1. INTRODUCTION

There are a number of design features that can be included as options in a
given pavement design. This study has examined the performance of many of
these features, such as base type, the use of load transfer devices, and construction
of tied concrete shoulders. Performance data has supported findings such as the
beneficial effect of dowel bars on reducing faulting and of short joint spacing in
reducing transverse cracking. However, the inclusion of any of these design
features as an option invariably increases the construction cost of the pavement.

In order to fully evaluate the effectiveness of these design features, it is
necessary to know the improved performance from their use and also to quantify
the costs of these features. This can be accomplished by estimating the increased
costs and the additional life that is gained from the use of the design feature and
comparing those to the costs and life of a similar pavement which did not contain
the design feature. The design features that are being evaluated for their cost-
effectiveness follow:

Dowel bars.
Base types.
joint spacing.
Widened lanes.
Thick slabs.
Joint sealants.
Edge drains.
Pavement type.
Tied shoulders.
Joint orientation.

® & 6 & 6 0 0 0 o o

These features were evaluated based on data collected at one or more
locations on project sections in Minnesota, Michigan, North Carolina, Arizona, and
California.

2. ANALYSIS PROCEDURE

The evaluation of the design features is possible because each feature is
included in a project where an adjacent section exists without the feature. The
performance of each of the features was estimated using the new distress models
for faulting, transverse cracking, and spalling presented in chapter 5. The traffic
that the pavement would carry before reaching critical levels was calculated and
compared to the pavement without that feature. The critical levels that were
utilized are shown in table 51.
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Table 51. Critical distress levels, by pavement type.*®

Pavement

" Distress JPCP JRCP
Transverse joint spalling, % 15-20 20-30
Tfansverse joint faulting, in 0.10 0.20
Transverse cracks/mi 67 70
NOTES:
Transverse joint spalling is defined as only medium- and

high-severity levels for both pavement types.
All transverse cracks are counted for JPCP; only

deteriorated (medium- and high-severity) cracks are
counted for JRCP.
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Cost Information

Actual construction costs were requested and received from each of the
States participating in this part of the study. A summary of those costs is found
in appendix A to this report. Current (1989) costs were requested on a two-lane-
mile basis, including shoulders. The respondents were asked to assume that all of
the pavements were Rural Interstate highways, with two lanes in each direction.
The pavements were assumed to be constructed at grade, with a 6 ft (1.8 m) inner
shoulder and a 10 ft (3.0 m) outer shoulder.

It is worth mentioning that only the initial construction costs were
considered. Costs were not included for bridges, other structures, or other
pavement appurtenances. Maintenance costs, user costs, or any other costs were
also not considered. This approach was used for the sake of simplicity; it is not a
life-cycle cost analysis, but a comparative initial cost analysis only.

Life Prediction

Each of the prediction models presented in chapter 5 relates key distress
types with appropriate contributory factors, including traffic. Thus, given the
critical level of each distress and the other inputs for the models, it was possible
to predict the traffic carried by the pavement to reach the critical distress level.
The traffic to reach the critical distress level is calculated for each of the three
distresses shown in table 51. The lowest traffic calculated for each design
identifies which distress will control "failure" of the pavement and is the traffic
level used in the cost-effectiveness calculation. For the case of transverse cracking
on JRCP, the COPES prediction model was used since no new models were
developed for JRCP transverse cracking,

Although some of the models account for the detrimental effect of materials
durability distress (which some of the sections did exhibit), it was not considered
in the cost-effectiveness evaluation since it is not a factor that would be
deliberately included into a pavement design.

Cost-Effectiveness

The cost-effectiveness of each design feature (or combination of design
features in some cases) was evaluated in a direct comparison between the design
without the feature (conventional design) and the design with the feature (new
design). The calculations used in the procedure are shown below:

Conventional
New Design Design
Costs New costs Conventional costs
Life X ESAL’s Y ESAL’s
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The percent cost increase of the new design over the conventional design can be
calculated as:

AP = [(New costs/Conventional costs) - 1] * 100

The percent life increase of the new design over the conventional design can be
calculated as: ,

AL = [(X ESAL’s/Y ESAL’s) - 1] * 100

If the percent life increase of the new design over the conventional design is
greater than the percent cost increase, the new design (incorporation of the design
feature) is considered to be more cost-effective, or worth the additional costs. This
assumes that all other costs will be the same, which most likely will not always be
the case.

3. RESULTS
Arizona

Three different concrete pavement design features were evaluated using
pavements in the Phoenix area. The specific design features evaluated were slab
thickness, base type, and the combination of dowels and PCC shoulders. Table 52
presents the results of the analysis of these different design features. Table 57 of
appendix A provides design information for the Arizona sections evaluated.

Comparative Desigg 1

The first design compares a thickened, 13-in (330 mm) JPCP slab constructed
directly on the subgrade to the conventional 9-in (229 mm) slab constructed on a
cement-treated base. These sections were constructed on S.R. 360 in the Phoenix
Urban Corridor. In this case, both the initial construction costs of the new design
were lower than the conventional design and the estimated performance life was
longer. Thus, the new design is considered cost-effective. The critical distress for
the new design was faulting, compared to transverse cracking for the thinner slabs
of the conventional design. The actual performance of the corresponding
pavements shows that the new design is performing very well after 3.1 million
ESAL applications, while the conventional design is exhibiting significant joint
faulting and joint spalling after 3.4 million ESAL applications.

Comparative Design 2

The cost-effectiveness of base types was also compared on SR. 360. The
conventional design consisted of the standard cross section with a CTB; the new
design had the same cross section, with a lean concrete base replacing the CTB.
Again, in this case the construction costs of the lean concrete base were actually
less than those of the conventional CTB. However, the estimated performance of
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the new design was 42 percent less, with the critical distress level in both designs
occurring due to transverse cracking. The actual field data indicates that the new
design is performing very well after 2 million ESAL applications, and the
conventional is exhibiting significant joint faulting and joint spalling after 3.4
million ESAL applications.

Comparative Design 3

The third design, on I-10 in Phoenix, evaluated the cost-effectiveness of the
combination of dowels and concrete shoulders. The conventional design consisted
of 10 in (254 mm) JPCP with asphalt shoulders and no dowels. This was
compared to the same design with PCC shoulders and 1.25-in (32 mm) diameter
dowel bars. The new design was almost 10 percent more expensive than the
conventional design, but provided a much longer service life (150 percent increase).
The critical distress for the conventional design was transverse cracking and the
critical distress for the new design was transverse joint faulting. The actual
inservice performance of each of these sections is excellent after about 1.6 million
ESAL applications.

California

" There were a total of six different conventional and newer designs studied
in California pavements. The design features included thickened slabs, different
base types, shorter joint spacing, lane width, joint sealing, and edge drains. The
results from these comparisons are presented in table 53 while table 58 of
appendix A provides design information for the California sections evaluated.

Comparative Design 1

The first design compares a conventional California design with an 8.4-in
(213 mm) JPCP slab to an 11.4 in (285 mm) JPCP slab, holding all other design
features held constant. These pavements are located on I-5 near Tracy. The new
design, with the thicker slab, cost approximately 20 percent more to construct than
the conventional design. However, the new design provided a much longer
service life, carrying 35 times as much traffic as the conventional design. The
failure mode for the new design was by faulting; the conventional design reached
a critical level of transverse cracking. After 7.6 million ESAL applications, the
actual performance of the new and conventional designs is roughly equivalent; the
new section has no cracking, but does display significant faulting. The
conventional section shows extensive longitudinal and transverse cracking.

Comparative Design 2

The next design compares the cost-effectiveness of the conventional design
with a CTB to the same design with a lean concrete base. These sections are also
located on I-5 in Tracy. These two different designs were constructed at
approximately the same cost. The critical distress for both designs was transverse
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cracking, and while the new design was more cost-effective, neither design was
able to sustain any significant volume of traffic before a critical level of transverse
cracking occurred. This is in contrast to the actual field performance which
indicates that, after 7.6 million ESAL applications, the new design is showing
about twice as much transverse cracking as the conventional design.

Comparative Design 3

The third design compares the conventional joint spacing of 12-13-19-18 ft
(3.7-4-5.8-5.5 m) with a shorter joint spacing pattern of 8-11-7-5 ft (2.5-3.4-2.1-1.5
m). Like the previous designs, these designs were also constructed at about the
same cost. While the new design was more cost-effective than'the conventional
design, both reached critical levels of transverse cracking at an unacceptably low
level of traffic. These results seem to agree with the actual field results, which
show the new design performing better (less cracking, faulting): than the
conventional design after 7.6 million ESAL applications. :

Comparative Design 4

The fourth California design evaluated was located on U.S. 101, near °
Thousand Oaks. The conventional design was compared to a similar pavement
with two exceptions: the outer lane was 15 ft (4.6 m) wide instead of 12 ft (3.7 m)
and the base was a dense-graded hot mix asphalt concrete instead of a CTB. The
new design cost 10 percent more to construct than the conventional design but did
not result in an increase in life. However, both designs reached a critical level of
spalling after 36.5 million ESAL applications, representing an acceptable '
performance period. The actual field performance results show: that the
conventional design has significant faulting and a few transverse cracks while the
new design is performing well and displaying little distress. 5

Comparative Design 5.

A comparison of the cost-effectiveness of sealing the transverse joints was
made with two sections on U.S. 101 near Geyserville. The conventional design did
‘mot contain sealed transverse joints, while those of the new design were sealed
with rubberized asphalt. Sealing the joints added about 4 percent to the
construction costs of the new design and resulted in a 55 percent increase to the
pavement life. Both designs reached a critical level of spalling, with the new -
design failing at 21.5 million ESAL applications and the conventional design failing
at 13.9 million ESAL applications. The actual field data indicates that both -
sections are exhibiting significant faulting and cracking after 3.6 million ESAL"
applications, but the new section does have slightly less spalling.

Comparative Design 6

The final design comparison in California is located on I-5, near Sacramento.
The conventional design was constructed without any drainage and the new
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design was constructed with edge drains. The addition of drainage resulted in a 5
percent increase in construction costs over the conventional design. However, the
conventional design reached a critical level of faulting after carrying 90 percent
less traffic than the new design was able to carry to reach a critical level of
transverse cracking. Thus the addition of edge drains to this pavement was cost-
effective.

Michigan

There were six different conventional and newer pavement designs
evaluated in Michigan. Two of the comparisons were made with a combination of
factors: both new designs included load transfer and different base types. The
other four design features compared were different pavement types, edge drains,
PCC shoulders, and permeable bases. The results of these comparisons and the
cost-effectiveness of the new designs is shown in table 54. The design features
that were evaluated on the Michigan sections included thickened slabs, different
base types, shorter joint spacing, lane width and base types, joint sealing, and
edge drains; these are summarized in table 59 of appendix A.

Comparative Design 1

The first sections were selected to evaluate the cost-effectiveness of the
combination of load transfer and base type on U.S. 10 near Clare. The
conventional design had 1.25-in (32 mm) diameter dowels and an aggregate base.
The new design, which had an asphalt-treated base and did not contain dowels,
cost approximately 6 percent more to construct than the conventional design, and,
according to the models, was able to provide 38 percent more life. The new
design reached a critical level of faulting after 2.2 million ESAL applications while
the conventional design reached a critical level of cracking after 1.6 million ESAL
applications. However, in terms of reducing joint faulting, the new design was
inadequate as failure in that mode occurred after only 2.2 million ESAL
applications. The conventional design, which contained dowel bars, was able to
sustain 35 million ESAL applications before failing in transverse joint faulting.

Comparative Design 2

The second set of designs, also on U.S. 10 near Clare, evaluate the cost-
effectiveness of load transfer and base type. The difference with this set of
designs is that the conventional design had dowels and an aggregate base while
the new design did not contain dowels and had an asphalt-treated permeable base.
This design cost 7 percent more to construct than the conventional design and
showed an increase in life of 56 percent. The critical distresses were transverse
cracking and joint faulting for the conventional design and new design,
respectively. Again, however, the new design failed in terms of faulting after only
2.2 million ESAL applications, which is unacceptable for this type of highway.

The doweled conventional design was projected to sustain 35 million ESAL
applications before failing in transverse joint faulting.
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Comparative Design 3

The next sections compare the cost-effectiveness of long-jointed JRCP (the
conventional design) to short-jointed JPCP. These sections are also located on U.S.
10 near Clare. The new short-jointed JPCP was approximately 8 percent more
expensive to construct than the conventional design, but was predicted to reach a
critical distress level (cracking) much sooner than the conventional design. Thus,
the construction of the short-jointed JPCP was not cost-effective in this case. The
actual field performance data indicates that both designs are performing about the
same after 0.9 million ESAL applications.

Comparative Design 4

The fourth set of designs evaluate the cost-effectiveness of edge drains,
using two sections on U.S. 10, near Clare. The new design, which had edge
drains, had 3 percent higher constructions costs than the conventional design. The
model for transverse cracking showed that this was the critical distress for both
designs, and predicted that the conventional design would fail after carrying 10
percent less traffic than the new design. In addition, the faulting of the drained
design was far less than that of the nondrained design. Because the added life of
the new design was greater than its additional costs, the construction of edge
drains on this project was cost-effective. The actual performance data of these
designs discloses that the drained section has slightly less cracking and faulting
than the nondrained design after nearly 0.9 million ESAL applications.

Comparative Design 5

A pair of designs on I-69 near Charlotte, Michigan was used to evaluate the
cost-effectiveness of PCC shoulders. The conventional design had an AC shoulder,
while the new design had PCC shoulders, although the construction costs were
about the same. The model for transverse cracking showed that this was the
critical distress for both designs, and predicted that both designs would fail at the
same time. However, because a new model for JRCP transverse slab cracking was
not developed, the COPES JRCP transverse cracking model had to be used which
does not consider the influence of tied concrete shoulders. Therefore, the
indication that the concrete shoulders are not cost-effective is not a valid
conclusion. The actual field data indicates that the section with AC shoulders is
performing better than the section with concrete shoulders after 4.4 million ESAL
applications.

Comparative Design 6

The final set of designs in Michigan evaluate the cost-effectiveness of a
permeable base, constructed on 1-94 near Marshall. The conventional design had a
aggregate base while the new design had a permeable aggregate base. The new
design cost only 2 percent more to construct than the conventional design, and
had a predicted life 56 percent greater than the conventional design. These results
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showed the construction of the permeable base was a cost-effective design.
However, the field performance results indicate fair-poor performance of the
permeable base section due to the use of a 1 in (25 mm) maximum size coarse
aggregate used in the concrete.

Minnesota

The cost-effectiveness of five different design features was evaluated using
paired pavement designs in Minnesota. The design features that were studied
were dowels, base type, joint spacing, widened lanes, and the combination of
widened lanes with a permeable base. The results of these comparisons are
shown in table 55. Table 60 of appendix A provides design information for the
Minnesota sections evaluated.

Comparative Design 1

The first set of designs was selected to evaluate the cost-effectiveness of
dowels. The designs, located on I-94 near Rothsay, were identical, except that the
new design had dowel bars for load transfer and the conventional design had no
load transfer devices. The additions of dowels made this design 8 percent more
expensive than the conventional design. However, the conventional design was
predicted to develop a critical level of faulting fairly rapidly and failed long before
the new design. Thus the inclusion of dowels on this section was cost-effective.
This information agrees with the field performance data, which shows that the
doweled section had 0.06 in (1.5 mm) of faulting and the nondoweled section 0.31
in (8 mm) of faulting after 4.7 million ESAL applications.

Comparative Design 2

The second set of designs compares the cost-effectiveness of a design with a
dense asphalt-treated base to a conventional design with an aggregate base. These
sections were located on I-94 near Rothsay. The new design was approximately 6
percent more expensive than the conventional design. The new design was
predicted to preform better in terms of faulting and cracking, but. spalling was
determined to be the critical distress for each design. Therefore, the construction
of the asphalt-treated base was not cost-effective. From the field performance
data, the section with the asphalt-treated base displayed much more spalling and
cracking after 5.5 million ESAL applications than the conventional section.

Comparative Desion 3

The next set of designs, also located on I-94 near Rothsay, were selected to
evaluate the cost-effectiveness of different joint spacings. The designs were
identical, except that the new design had a 27-ft (8.2 m) transverse joint spacing
compared to the conventional spacing of 40 ft (12.2 m). The cost of the two
designs was approximately the same and no increase in pavement life was
achieved by the new design as both designs reached a critical level of spalling.
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However, the new design was effective in reducing the amount of transverse
cracking and transverse joint faulting. This agrees with the field data which
shows that the conventional design had more spalling and faulting after 5.5
million ESAL applications.

Comparative Design 4

The fourth set of designs, on I-90 near Austin, are used to evaluate the cost-
effectiveness of widened lanes. The new design differed from the conventional
design in that the outer lane was 14 ft (4.2 m) rather than 12 ft (3.7 m). This
resulted in an increase in the construction costs over the conventional design of 6
percent. The widened lane did increase life in terms of faulting but did not affect
transverse joint spalling, however, which was the critical distress for both designs.
No difference in cracking was observed because the JRCP cracking model does not
account for the effect of a widened outside traffic lane. Because they both reached
a critical level of spalling at the same time, the widened lanes was not cost-
effective on these pavements. The actual performance of the widened lane was
excellent after 1.5 million ESAL applications, slightly better than the actual -
performance of the conventional pavement after 2.8 million ESAL applications.

Comparative Design 5

The final set of designs in Minnesota evaluates the cost-effectiveness of the
combination of widened lanes and a permeable base. The conventional design had
an outer lane of standard width and a granular base. The new design had a
widened outer lane of 14 ft (4.2 m) and a permeable asphalt base. This resulted
in a pavement that was 13 percent more expensive, but was predicted to fail at
the same time as the conventional design due to spalling. For this reason, this
combination of features was not cost-effective for this pavement. However, the
new design did increase predicted life in terms of faulting and cracking.

North Carolina

Pavement sections on I-95 near Rocky Mount were used to evaluate the
cost-effectiveness of three different design features, load transfer, base type, and
transverse joint orientation. The results of these evaluations are summarized in
table 56. Table 61 of appendix A provides design information for the North
Carolina sections evaluated.

Comparative Design 1

The cost-effectiveness of dowel bars was evaluated by comparing a new
design, with 1.25-in (32 mm)- dowel bars to the identical design without dowels.
The use of dowels resulted in an increase in construction costs of 5 percent but no
increase in life since a critical level of transverse cracking was reached for both
designs. However, in terms of faulting, the new section was able to sustain over
7 times the amount of ESAL applications before failure. The actual field
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performance of these sections was very similar with the exception that the
nondoweled section had slightly more cracking. This evaluation reveals the
inability of the models to predict the performance of the long-jointed JPCP in
North Carolina and Georgia which have historically displayed good performance.

Comparative Design 2

The second set of designs were used to evaluate the cost-effectiveness of a
design with an asphalt-treated base to the conventional design with a aggregate
base. The section with the asphalt-treated base cost 16 percent more to construct
than the section with the aggregate base. As above, the critical distress for both
designs was transverse cracking, and while the asphalt-treated base was cost-
effective, the number of loads required to reach the critical levels was low for both
designs. The actual performance of the section with asphalt-treated base was
better than the actual performance of the conventional aggregate base section.

Comparative Design 3

The only evaluation of the cost effectiveness of skewed transverse joints was
performed on the third set of designs in North Carolina. The conventional design
had perpendicular transverse joints while the new design had skewed transverse
joints. The new design was 2 percent more expensive than the conventional
design to construct, but was not shown to provide longer performance than the
conventional design. However, it must be noted that the models that were used
to predict performance did not include a factor for joint orientation and thus it
was impossible to differentiate performance with those models. Actual field
performance indicates slightly better performance for a section with skewed joints
than for a section with perpendicular joints after 9 million ESAL applications.

4. SUMMARY

The cost-effectiveness of new design features was evaluated by comparing
the predicted performance of the pavements with these features to the predicted
performance of similar pavements at the same location without the features. The
models presented in chapter 5 were used to predict performance. This approach
was used because the pavements with the new design features have not, in most
cases, carried enough traffic. Therefore it was not possible to evaluate the cost-
effectiveness of the design features with actual data.

It is clear, however, that this approach has several drawbacks. The models
that were used may not be good predictors for the specific designs that were
selected. An example would be the evaluation of the cost-effectiveness of skewed
joints where the available models do not differentiate in performance by joint
orientation. Additionally, pavement failure may also occur through some distress
for which a model was not developed and applied. This is especially possible
with materials problems or construction problems, which were not covered by the
models.
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Another problem is that the models are being applied to predict the
performance. of pavements that are actually constructed and carrying traffic. The
models have,.in some cases, predicted failure by a given distress when the actual
pavement has carried more traffic and has still not failed. An example of this is
North Carolina Comparative Design 1, which had carried approximately 9 million
ESAL'’s at thetime of its evaluation. The models show both the new design and
the conventional design failing by reaching a critical level of transverse cracks
(67/mile) at 0.4 and 0.2 million ESAL’s respectively. However, the conventional
design actually;has 5 cracks/mile while the new design actually has no cracking.

Finally, while reaching the critical level of any distress was used as a trigger
to identify failure, failure of the different distresses is probably not equal.
Rehabilitation of a faulted pavement would probably be much less expensive than
rehabilitation of a cracked or spalled pavement. For the sake of simplicity,
however, these failure modes were all considered to be equal.

While there are problems with the methodology selected for this analysis,
the approach is useful for comparing the performance of these design features at
specific locations although the pavements have not carried sufficient loads to allow
an analysis of cost-effectiveness with actual data. It would be desirable to look at
these designs in the future when they have carried a significantly large volume of
traffic.

Only a few comparisons could be carried across several of the different
sections. However, those that could showed some interesting results. They are
discussed below.

The inclusion of dowels was cost-effective on Minnesota Comparative
Design 1, but not on North Carolina Comparative Design 1 (due to transverse
cracking). The dowels were shown to be effective in reducing faulting, however.
In conjunction with a change of base type, the inclusion of dowels was cost-
effective on Michigan Comparative Designs 1 and 2.

The construction of thicker slabs was cost-effective on the two projects
where this was the only variable (California Comparative Design 1 and Arizona
Comparative Design 1). Shorter joint spacing was cost-effective on both JPCP
(California Comparative Design 3) and JRCP (Minnesota Comparative Design 3).

The use of a lean concrete base instead of a cement-treated base was cost-
effective on California’s Comparative Design 2 but not on Arizona’s Comparative
Design 2. The selection of a permeable aggregate base instead of a regular
aggregate base was cost-effective on Michigan’s Comparative Design 6, but the use
of an asphalt-treated base rather than an aggregate base was not cost-effective on
Minnesota’s Comparative Design 2.
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In general, the addition of drainage was cost-effective. This was shown at
both California Comparative Design 6 and Michigan Comparative Design 4.
Furthermore, the addition of the permeable base discussed above was cost-
effective. In addition, the use of an asphalt-treated permeable base without dowel
bars was a cost-effective alternative as observed from Michigan Comparative
Design 2, although the models showed that the design would fail prematurely in
terms of joint faulting.

The rest of the design features were not replicated at more than one site
and thus no general conclusions can be made.
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CHAPTER 7 SUMMARY AND CONCLUSIONS

An evaluation of pavement design and prediction models has been
presented. Actual field performance distresses for 95 concrete pavement sections
were compared with the distress predictions from several prediction models. It
was found that none of the available prediction models (AASTHO, PEARDARP,
PREDICT, and PFAULT) adequately predict the performance of the inservice
concrete pavements included in this study.

In addition to the evaluation of the prediction models, detailed case studies
utilizing various design and analysis methods were conducted at four locations
(representing the four main climatic regions): 1-94, Rothsay, Minnesota; I-5, Tracy,
California; U.S. 10, Clare, Michigan; and I-95, Rocky Mount, North Carolina. The
detailed case studies included an investigation of the CMS climatic model, the Liu-
Lytton drainage model, the ILLISLAB and JSLAB structural analysis models, the
JCP-1 plain jointed concrete design method, and the BERM and JCS-1 shoulder
design methods.

The CMS model was found to be a very comprehensive and rigorous
analysis program which provides information on the thermal gradients that are
acting on the slab. The thermal stresses, combined with stresses due to wheel
loadings, allow for the determination of critical stresses to be used in a
mechanistic design procedure. However, while the program provided useful
information, it required some very obscure inputs.

The Liu-Lytton drainage model considers the effect of moisture on the
structural capacity of the individual paving layers. It examines the drainage
capabilities of the pavement structure and also the effects of moisture on the
strength of the pavement structure. The program was determined to be very
useful in the design process to assess a pavement’s potential for moisture
problems and also to provide the most probable strengths of the materials within
the paving system. It is worth noting that the CMS climatic model and the Liu-
Lytton drainage model are currently being combined into a comprehensive analysis

program.

The comparison between the ILLISLAB and JSLAB finite element programs
revealed that JSLAB has several limitations, including an error in its stiffness
matrix, neglect of the Poisson’s ratio in thermal curling calculations, and requiring
two runs to determine thermal stresses. As part of the finite element analyses,
PMARP was also evaluated and shown to contain numerous errors and limitations.
ILLISLAB has undergone countless revisions and enhancements to expand its
capabilities and is a useful tool for the determination of stresses in the slab due to
both wheel loading and thermal curling conditions.

The JCP-1 program mecﬁanistically considers several key design factors in
its analysis, including the stiffness of the base/subgrade, axle load distributions,
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climatic influences, joint spacing, and slab thicknesses. However, at this time, the
influence of tied concrete shoulders can not be evaluated with the existing

program.

The JCS-1 and BERM programs provide methods to determine the structural
thicknesses required for concrete and asphalt shoulders, respectively. The JCS-1
program estimates the fatigue damage of the concrete shoulder so that adequate
shoulder thicknesses can be determined. The BERM program also utilizes a
fatigue damage approach to determine the thickness of asphalt concrete shoulders.
Both programs require inputs of parked and encroaching traffic which can be very
difficult parameters to estimate.

New prediction models were developed for Present Serviceability Rating
(PSR), transverse joint faulting, transverse slab cracking (JPCP only), and transverse
joint spalling.. These models were developed using the combined RIPPER and
COPES databases (approximately 500 pavement sections). Using many of these
newly-developed models, an analysis of the cost-effectiveness of the addition of
various design procedures was conducted.
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APPENDIX A—PAVEMENT DESIGNS FOR
- COST-EFFECTIVENESS EVALUATION

In this appendix, pavement design data is provided for the cost-effectiveness
evaluation performed in chapter 6; costs are also given for each design. All
pavements were assumed to be rural Interstate highways with two lanes in each
direction. It was also assumed that the pavements were located at grade with 6-
ft (1.8 m) inner and 10-ft (3.0 m) outer shoulders.

All costs are current (1989) costs for a two-lane roadway (including
shoulders) in the general area indicated. The costs of bridges or other structures
are not included.

Tables 57 through 61 provide design information for pavement sections from
Arizona, California, Michigan, Minnesota, and North Carolina.
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Table 57. Arizona designs for cost-effectiveness evaluation.

DESIGN 1 - COST-EFFECTIVENESS OF THICKER SLAB ON ROUTE 360
DESIGN FEATURE CONVENTIONAL DESIGN NEWER DESIGN

Slab Design 9 in JPCP 13 in JPCP
Joint spacing 13-15-17-15 ft 13-15-17-15 ft
Sealant standard standard
Base type CIB None

Outer shoulder AC AC
Cost/2-lane mi $478,140 $425,340

New Design Cost Effective: Yes

DESIGN 2 - COST-EFFECTIVENESS OF BASE TYPES ON ROUTE 360
DESIGN FEATURE CONVENTIONAL DESIGN NEWER DESIGN

Slab Design 9 in JPCP 9 in JPCP

Joint spacing 13-15-17-15 ft 13-15-17-15 ft
Sealant standard standard

Base type CTB Lean concrete
Outer shoulder AC AC

Cost/2-lane mi $478,140 $460,540

New Design Cost Effective: No

DESIGN 3 - COST-EFFECTIVENESS OF DOWELS & PCC SHOULDERS ON I-10
DESIGN FEATURE CONVENTIONAL DESIGN NEWER DESIGN

Slab Design 10 in JPCP 10 in JPCP
Joint spacing 13-15-17-15 ft 13-15-17-15 ft
Sealant standard standard
Base type LCB LCB

Dowels None 1.25 in
Outer shoulder AC PCC
Cost/2-1ane mi $495,740 $538,636

New Design Cost Effective:
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Table 58. California designs for cost-effectiveness evaluation.

DESIGN 1 - COST-EFFECTIVENESS OF THICKER SLAB AT TRACY

DESIGN FEATURE CONVENTIONAL DESIGN

NEWER DESIGN

Slab Design
Joint spacing
Sealant

Base type

Outer lane width
Outer shoulder

Cost/2-lane mi

84 in JPCP
12-13-19-18 ft
none

CTB

12 ft

AC

$414,800

New Design Cost Effective:

114 in JPCP
12-13-19-18 ft
none

CTB

12 ft

AC

$491,400

Yes

DESIGN 2 - COST-EFFECTIVENESS OF BASE TYPES AT TRACY

DESIGN FEATURE CONVENTIONAL DESIGN

NEWER DESIGN

Slab Design
Joint spacing
Sealant

Base type

Quter lane width
Outer shoulder

Cost/2-lane mi

8.4 in JPCP
12-13-19-18 ft
none

CTB

12 ft

AC

$414,800

New Design Cost Effective:

8.4 in JPCP
12-13-19-18 ft
none

Lean concrete
12 ft

AC

$419,400

Yes

DESIGN 3 - COST-EFFECTIVENESS OF JOINT SPACING AT TRACY

DESIGN FEATURE CONVENTIONAL DESIGN

NEWER DESIGN

Slab Design
Joint spacing
Sealant

Base type

Outer lane width
Outer shoulder

Cost/2-lane mi

8.4 in JPCP
12-13-19-18 ft
none

CTB

12 ft

AC

$414,800

New Design Cost Effective:
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8-11-7-5 ft
none

CTB

12 ft

AC

$419,700

Yes



Table 58. California designs for cost-effectiveness evaluation (continued).

DESIGN 4 - COST-EFFECTIVENESS OF LANE WIDTH & BASE TYPE ON US 101,

NEWER DESIGN

THOUSAND OAKS
DESIGN FEATURE CONVENTIONAL DESIGN
Slab Design 10.2 in JPCP
Joint spacing 12-13-15-14 ft
Sealant none
Base type CTB
Outer lane width 12 ft
Edge drains yes
Outer shoulder AC
Cost/2-lane mi $487,000

New Design Cost Effective:

10.2 in JPCP
12-13-15-14 ft
none

HMAC

15 ft

yes

AC

$538,000

No

DESIGN 5 - COST-EFFECTIVENESS OF JOINT SEALANTS ON US 101,

NEWER DESIGN

GEYSERVILLE
DESIGN FEATURE CONVENTIONAL DESIGN
Slab Design 9 in JPCP
Joint spacing 12-13-19-18 ft
Sealant ' none
Base type CTB
Outer shoulder PCC
Outer lane width 12 ft
Cost/2-lane mi $414,800

New Design Cost Effective:

9 in JPCP
12-13-19-18 ft
rubberized asphalt
CTB

PCC

12 ft

$431,200

Yes

DESIGN 6 - COST-EFFECTIVENESS OF EDGE DRAINS ON I-5, SACRAMENTO

DESIGN FEATURE CONVENTIONAL DESIGN

NEWER DESIGN

Slab Design

Joint spacing
Sealant

Base type

Outer shoulder -
Outer lane width
Edge drains

Cost/2-lane mi

New Design Cost Effective:

10.2 in JPCP
12-13-19-18 ft
none

CTB

AC

12 ft

None

$487,000
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none

CTB

AC

12 ft

Yes

$513,400

Yes



Table 59. Michigan designs for cost-effectiveness evaluation.

DESIGN 1 - COST-EFFECTIVENESS OF LOAD TRANSFER & BASE TYPE AT CLARE
DESIGN FEATURE CONVENTIONAL DESIGN NEWER DESIGN

Slab Design 9 in JPCP 9 in JPCP

Joint spacing 13-17-16-12 ft 13-19-18-12 ft
Dowels 1.25 in none

Sealant standard standard

Base type granular asphalt-treated
Outer lane width 12 ft 12 ft

Outer Shoulder AC AC

Cost/2-lane mi $349,600 $369,600

New Design Cost Effective: Yes

DESIGN 2 - COST-EFFECTIVENESS OF LOAD TRANSFER & BASE TYPE AT CLARE
DESIGN FEATURE CONVENTIONAL DESIGN NEWER DESIGN

Slab Design 9 in JPCP 9 in JPCP

Joint spacing 13-17-16-12 ft 13-19-18-12 ft

Dowels 125 in none

Sealant standard standard

Base type granular asphalt-treated permeable
Outer lane width 12 ft 12 ft

Outer Shoulder AC AC

Cost/2-lane mi $349,600 $373,810

New Design Cost Effective: Yes

DESIGN 3 - COST-EFFECTIVENESS OF PAVEMENT TYPES AT CLARE
DESIGN FEATURE CONVENTIONAL DESIGN NEWER DESIGN

Slab Design 9 in JRCP 9 in JPCP

Joint spacing 71 ft 13-17-16-12 ft
Dowels 125 in 1.25 in

Sealant standard standard

Base type granular granular

Outer lane width 12 ft 12 ft

Outer Shoulder AC AC

Cost/2-lane mi $323,810 $349,600

New Design Cost Effective: No
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Table 59. Michigan designs for cost-effectiveness evaluation (continued).

DESIGN 4 - COST-EFFECTIVENESS OF EDGE DRAINS AT CLARE ‘
DESIGN FEATURE CONVENTIONAL DESIGN NEWER DESIGN

Slab Design 9 in JRCP 9 in JRCP

Joint spacing 71 ft 71 ft

Dowels 1.25 in 1.25 in

Sealant standard standard

Base type granular granular

Edge Drains none yes

Outer lane width 12 ft 12 ft

Outer Shoulder AC AC

Cost/2-lane mi $323,810 $332,100

New Design Cost Effective: Yes

DESIGN 5 - COST-EFFECTIVENESS OF PCC SHOULDERS AT CHARLOTTE
DESIGN FEATURE CONVENTIONAL DESIGN NEWER DESIGN

Slab Design 9 in JRCP 9 in JRCP

Joint spacing 71 ft 71 ft

Dowels 1.25 in 1.25 in

Sealant standard standard

Base type granular granular

Quter lane width 12 ft 12 ft

Outer Shoulder AC PCC

Cost/2-lane mi $284,020 $285,400

New Design Cost Effective: No

DESIGN 6 - COST-EFFECTIVENESS OF PERMEABLE BASE AT MARSHALL
DESIGN FEATURE CONVENTIONAL DESIGN NEWER DESIGN

Slab Design 9 in 10 in JRCP

Joint spacing 71 ft 41 ft

Dowels 1.25 in A 1.25 in

Sealant standard standard

Base type . granular granular (permeable)
Outer lane width - 12 ft 12 ft

Outer Shoulder AC PCC

Cost/2-lane mi $323,810 $331,300

New Design Cost Effective: Yes
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Table 60. Minnesota designs for cost-effectiveness evaluation.

DESIGN 1 - COST-EFFECTIVENESS OF DOWELS AT ROTHSAY
DESIGN FEATURE CONVENTIONAL DESIGN NEWER DESIGN

Slab Design 9 in JRCP 9 in JRCP

Joint spacing 27 ft 27 ft

Dowels none 1.25 in

Sealant standard standard

Base type granular granular

Quter lane width 12 ft 12 ft

Outer Shoulder AC AC

Cost/2-lane mi $462,660 $500,000

New Design Cost Effective: Yes

DESIGN 2 - COST-EFFECTIVENESS OF BASE TYPES AT ROTHSAY
DESIGN FEATURE CONVENTIONAL DESIGN NEWER DESIGN

Slab Design 9 in JRCP 9 in JRCP

Joint spacing 27 ft 27 ft

Dowels 1.25 in 1.25 in

Sealant standard standard

Base type granular asphalt treated
Quter lane width 12 ft 12 ft

Quter Shoulder AC AC

Cost/2-lane mi $500,000 $531,920

New Design Cost Effective: No

DESIGN 3 - COST-EFFECTIVENESS OF JOINT SPACING AT ROTHSAY
DESIGN FEATURE CONVENTIONAL DESIGN NEWER DESIGN

Slab Design 9 in JRCP 9 in JRCP

Joint spacing 40 ft 27 ft

Dowels 1.25 in 1.25 in

Sealant standard standard

Base type . . granular granular

Outer lane width 12 ft 12 ft

Outer Shoulder AC AC

Cost/2-lane mi $493,300 $500,000

New Design Cost Effective: No
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Table 60. Minnesota designs for cost-effectiveness evaluation (continued).

DESIGN 4 - COST-EFFECTIVENESS OF LANE WIDTH AT AUSTIN
DESIGN FEATURE CONVENTIONAL DESIGN NEWER DESIGN
ooy 2202y MYNVENNIVUNAL DESIGN ~ NEWER DESIGN

Slab Design 9 in JRCP 9 in JRCP

Joint spacing 27 ft 27 ft

Dowels 1.00 in 1.00 in

Sealant standard standard

Base type granular granular

Outer lane width 12 ft 14 ft

Outer Shoulder AC AC

Cost/2-lane mi $493,650 $524,500

New Design Cost Effective: No

DESIGN 5 - COST-EFFECTIVENESS OF LANE WIDTH & PERMEABLE BASE AT

TRUMAN
DESIGN FEATURE CONVENTIONAL DESIGN NEWER DESIGN
Slab Design 8 in JRCP 8 in JRCP
Joint spacing 27 ft 27 ft
Dowels 1.00 in 1.00 in
Sealant standard standard
Base type granular Perm. asphalt
Outer lane width 12 ft 14 ft
Outer Shoulder AC AC
Cost/2-lane mi $479,390 $539,880
New Design Cost Effective: " No
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Table 61. North Carolina designs for cost-effectiveness evaluation.

DESIGN 1 - COST-EFFECTIVENESS OF LOAD TRANSFER AT ROCKY MOUNT
DESIGN FEATURE _CONVENTIONAL DESIGN NEWER DESIGN

DESIGIN FEA Ll URE A N Y BN N

Slab Design 9 in JPCP 9 in JPCP

Joint spacing 30 ft 30 ft

Dowels none 1.25 in

Sealant standard standard

Base type granular granular

Quter lane width 12 ft 12 ft

Quter Shoulder AC AC

Cost/2-1ane mi $465,000 $486,000

New Design Cost Effective: No

DESIGN 2 - COST-EFFECTIVENESS OF BASE TYPE AT ROCKY MOUNT
DESIGN FEATURE CONVENTIONAL DESIGN NEWER DESIGN

Slab Design 9 in JPCP 9 in JPCP

Joint spacing 30 ft 30 ft

Dowels none none

Sealant standard standard

Base type granular asphalt-treated
Outer lane width 12 ft 12 ft

Outer Shoulder AC AC

Cost/2-lane mi $465,000 $541,000

New Design Cost Effective: _ Yes

DESIGN 3 - COST-EFFECTIVENESS OF TRANSVERSE JOINT ORIENTATION AT
ROCKY MOUNT

DESIGN FEATURE CONVENTIONAL DESIGN NEWER DESIGN

Slab Design 9 in JPCP 9 in JPCP

Joint spacing 30 ft 30 ft

Dowels none none

Joint orientation perpendicular skewed

Sealant standard standard

Base type granular granular

Outer lane width 12 ft 12 ft

Outer Shoulder AC AC

Cost/2-lane mi $465,000 $476,000

New Design Cost Effective: No
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